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Abstract 
The question of how water supply and water loss-adhibited structures integrate in 
leaves to perform a complex mediation among plant different necessities, and its 
evolutive implications, has been almost neglected so far.  
 
Hydraulic resistance in leaves accounts for 30% of the total resistance of the plant 
to water transport (Sack and Holbrook 2006), a dominating component of what being 
situated within the leaf spongy mesophyll (Cochard, Nardini, and Coll 2004). Only few 
recent works have identified the length of the water path from veins to evaporating sites 
as a limiting factor to the transpiration performances of plants (Brodribb, Feild, and 
Jordan 2007; Brodribb, Feild, and Sack 2010).  By estimating the proximity between 
veins and stomata with the inverse value of vein density, an explaination for angiosperms 
highest photosynthetic capacity among plants has been found in their superior vein 
density values (Boyce et al. 2009). 
 
In this dissertation I examined how the spatial arrangements of stomata and veins 
coordinate in two philogenetically and morphologically diverse groups of both 
angiosperms and ferns. By sampling species spanning the breadth of vein architecture and 
phylogenetic diversity I sought to understand whether relationships among spatial traits 
were general or variable among plants of the same group and among groups. 
 
 A method based on image editing and geoprocessing tools was developed and 
applied in order to spatially relate stomata and veins position on the leaf. The “elementary 
unit of lamina completely enclosed by veins” was identified as a loop and three new 
functional traits linking veins and stomata (stomata density per loop lamina, stomata 
density per loop contour and average minimum distance from stomata to vein walls per 
loop) were defined. To account for fern branching structures, the definition of loop was 
then extended to as “the smallest portion of lamina all enclosed by veins and leaf 
margin”. 
 
In Chapter 2 I present the hypothesis underling my work and I describe how GIS 
tools can be used on leaves microscope images in order to extract spatial data on vein and 
stomata arrangement. 
In Chapter 3 I examine a dataset on 32 philogenetically diverse angiosperm 
species and a gymnosperm. Specifically, I compile average values for each species for the 
functional traits I previously defined. Then I compare values of stomata density and loop 
size for different position on the leaf in order to verify or exclude the presence of a spatial 
gradient and I test for general relationships among the functional and geometrical leaf 
traits.  
In Chapter 4 I apply the same methodology to a dataset of 8 diverse fern species. 
 
Finally in Chapter 5 the results for the two groups of plants are jointly discussed  
in an attempt to unify methodology and evolutive physiology. 
 
 II 
This detailed examination of spatial coordination between stomata and veins in 
both angiosperm and fern species provides some key insights into the evolutive trends 
leading to the supremacy of a group of plants on the other. 
 
Keywords: leaf hydraulics, stomata density, stomata distribution, spatial data, path length 
through mesophyll, fern species 
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Riassunto 
La questione dell’integrazione tra strutture adibite all’approvvigionamento e 
all’allontanamento dell’acqua nelle foglie per eseguire la complessa mediazione tra le 
diverse esigenze della pianta, e le sue implicazioni evolutive, è stata finora praticamente 
trascurata. 
La resistenza idraulica nelle foglie costituisce il 30% della resistenza idraulica 
totale al trasporto dell’acqua nella pianta (Sack and Holbrook 2006), di questa, una 
componente dominante si trova all'interno del mesofillo spugnoso (Cochard, Nardini, and 
Coll 2004). Solo pochi recenti lavori hanno identificato nella lunghezza del percorso 
dell'acqua dalle venature ai siti di evaporazione un fattore limitante per la traspirazione 
della pianta (Brodribb, Feild, and Jordan 2007; Brodribb, Feild, and Sack 2010).  
Stimando la distanza tra vene e stomi come il reciproco della densità delle 
venature, la capacità fotosintetica delle angiosperme, massima tra le piante, è stata 
spiegata attraverso la loro preminente densità di venature (Boyce et al. 2009) 
 
In questa tesi ho esaminato in che modo le disposizioni spaziali di vene e stomi 
risultano coordinate tra loro in due gruppi di specie di felci e angiosperme 
filogeneticamente e morfologicamente diverse tra loro. Campionando specie che 
abbracciassero la gamma delle possibili architetture delle venature e della diversità 
filogenetica ho cercato di capire se le relazioni tra caratteristiche spaziali erano o meno 
generali tra le piante di uno stesso gruppo e tra i due gruppi. 
  
Per riferire la posizione degli stomi a quella delle venature sulla foglia è stato 
sviluppato e applicato un metodo basato sulla modifica di immagini e sull’uso di 
strumenti di georeferenziazione. “L'unità elementare di lamina completamente racchiusa 
da vene” è stata identificata come loop (areola) e sono stati definiti tre nuovi tratti 
funzionali che collegano vene e stomi (la densità stomatica riferita all’ area dei loop, la 
densità stomatica riferita a contorno dei loop e la media per ogni loop delle distanze 
minime degli stomi dalle pareti delle venature). Per tener conto del fatto che alcune felci 
presentavano strutture ramificate aperte, la definizione di loop  è stata successivamente 
estesa a “la più piccola porzione di lamina completamente racchiusa da vene e margine 
fogliare”. 
Nel capitolo 2 presento le ipotesi generali sottese al lavoro e descrivo come il GIS 
può essere applicato a immagini di foglie fatte al microscopio, al fine di estrarre dati sulla 
disposizione spaziale di vene e stomi. 
Nel capitolo 3 esamino un set 32 specie di angiosperme filogeneticamente diverse 
e una gimnosperma. In particolare, riporto i valori medi per ciascuna specie dei tratti 
funzionali definiti in precedenza. Poi confronto i valori di densità stomatica e dimensione 
dei loop per diverse posizioni sulla foglia con lo scopo di verificare o escludere la 
presenza di un gradiente spaziale e testo la sussistenza di relazioni generali tra i tratti 
funzionali e geometrici della foglia. 
Nel capitolo 4 gli stessi metodi sono applicati ad un set di otto diverse specie di 
felci. 
 IV 
Infine, nel capitolo 5 i risultati sono esaminati congiuntamente per i due gruppi di 
piante nell’intento di unificare metodologia di lavoro con fisiologia evolutiva. 
 
Il dettagliato esame sul coordinamento spaziale tra stomi e venature compiuto su 
specie di angiosperme e di felci fornisce alcuni spunti fondamentali sulle tendenze 
evolutive che portano alla supremazia di un gruppo di piante dall'altro. 
 
Parole chiave: idraulica della foglia, densità stomatica, distribuzione stomatica, 
dati spaziali, lunghezza del percorso attraverso il mesofillo, felci.
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Chapter 1 
 
 
Introduction 
First terrestrial plants photosynthetized from the axes. Leaf-like structures devoted 
and optimized for the photosyntethic process began to appear in the Late Devonian, 390-
354 Mya. Then, between 395-286 Mya, the developement of seeds relieved plants from 
the necessity of external water for sexual reproduction (Willis 2002).  
 
Nowadays, more than 40.000 km
3
 of water headed to the atmosphere transit 
through plant leaves every year (Brodribb, Feild, and Sack 2010), being seed-plants over 
the 95% of the extant species (McElwain 2011). 
 
The problem leaf hydraulic system is universally designated to solve is how to 
uniformly supply with water a flat surface of complex shape  (Brodribb, Feild, and Sack 
2010).  
Only approximately 1–2% amount of water received by leaves is used for the 
photosynthesis and production of sugars (Kizilova 2008), while the rest is evaporated in 
the atmosphere through stomata pores. Considered simplicistically, water enters the leaf 
from the stem, is carried all over the leaf surface by the leaf vein network, exits the 
xylems through the bundle sheaths extension of minor veins, is led from wall to wall of 
spongy mesophyll cells, becomes vapour, diffuses and finally gets the atmosphere ouside 
stomata (Sack and Holbrook 2006; Kizilova 2008). 
 
Stomata are devoted to both regulate water vapour outside the plant and CO2 
uptake from atmosphere to be transformed into new organic tissues. The two fluxes are 
strictly interconnected, as an optimised compromix has to be realized in order to 
maximize photosynthesis to compete other plants in growth while minimizing water loss 
to avoid dehidratation (Chapin, Matson, and Mooney 2002).  
An extended optimization hypothesis of plants maximizing the total amount of 
carbon exported from canopies over the lifespan of leaves has been proposed to link leaf 
traits with environmental conditions (McMurtrie and Dewar 2011).  
Evolutive modification have occurred in stomata shape and functioning since their 
origination more than 400 Mya. They progressively have became smaller (Franks and 
Beerling 2009) and their closure shifted from being controlled passively by cells 
hydratation, as in ferns, to a likely   active control by ABA levels, as in angiosperms 
(Brodribb and McAdam 2011a; Brodribb and McAdam 2011b). However stomatal 
functioning is still controversially interpretated and not completely understood (Ruszala 
et al. 2011; Bergmann and Sack 2007; Vatén and Bergmann 2012).  
Stomatal density is a characteristics of each species, ranging 20-500 stomata/mm
2 
 
(Hetherington and Woodward 2003) and has being found to be environmentally adaptive 
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since the fundamental work of Woodward that linked stomata density with changing CO2 
concentration in atmospere (Woodward 1987).  
Stomata aperture is not uniform on the leaf surface, but has rather been described 
as to occour in coordinated patches (Mott and Peak 2007; Terashima 1992; Beyschlag and 
Eckstein 2001) and as responding to many soil–plant–atmosphere hydraulic continuum 
perturbations (Buckley 2005).  
 
Together with the performance of transpiring structures, the role of distance, and 
that of strategies to bring down its impact on transport efficiency, are central in water 
transport both in plants and in leaves (Price, Wing, and Weitz 2012). One over all, by 
minimizing the scaling of hydraulic resistance within their vascular system, plants could 
evolve higher (Enquist 2003).  
On leaves, hydraulic resistance has been estimated to contribute on average for the 
30%  of the whole plant resistance (Sack et al. 2003). It is recognized as the sum of a low-
resistance component, placed in the structures adhibited to transport, with an extimated 
60-80% component localized within the mesophyll tissue specialized for photosynthesis 
(Cochard, Nardini, and Coll 2004). Thus, last few tens of microns of a path that could 
exceed 100 meters along the whole plant have dramatic repercussions on the physiology 
of the leaf and on the interaction among different groups of plants, as a key limiting factor 
on transport capacity and  photosynthetic performance (Brodribb, Feild, and Jordan 
2007).  
An evaluation for the average horizontal distance lenght within the mesophyll 
layer has been proposed, correlating it with the inverse of vein density. This measurement 
has been found to be in relationship with the photosynthetic capacity in different groups 
of plants (Brodribb, Feild, and Jordan 2007; Brodribb, Feild, and Sack 2010): 
angiosperms superior transpiring performances were explained to mirror their highest 
vein density among different groups of existing plants. The vertical component of 
distance path within the mesophyll (i.e. vein thickness) was found  to be dominating only 
for succulent plants (Noblin et al. 2008). 
 
Leaf venation-mediated economic strategies have been proposed as an 
interpretation for the origin of leaf economic spectrum (Blonder et al. 2011). 
Vein network development itself is the result of an optimized balance between 
minimization of organic carbon destinated to built veins and maximization of the water 
path lenght inside the low-resistance structures.  
Brodribb et al. annotated that the maximum hydraulic transport capacity would be 
achieved by connecting stomata directly with xylems, but this situation do not occour in 
plants because, in doing so, the cost to the plant for constructing highly specialized 
transporting tissue would exceed the benefits in terms of enhancement of photosynthetic 
performance (Brodribb, Feild, and Sack 2010).  
Once again, angiosperms implementated the most successful strategies to achieve 
an optimized transport network within their leaves among plants. Tapering of conduits 
(Coomes et al. 2008) and high density venation, including up to 2 m of length per square 
centimeter of minor vein (Sack et al. 2012), widespread in angiosperms leaves (Boyce et 
al. 2009), were demonstrated to be the most cost-effective way to enhance 
photosynthetical rates, given a certain carbon investment in specialized conducting tissues 
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(Beerling and Franks 2010); vein hierarchization was estimated to reduce xylem 
constructions cost of 15 fold (McKown, Cochard, and Sack 2010). 
The concept of optimal networks providing  liquid delivery at total minimal 
energy costs (Kizilova 2008) has been an intriguing topic for research on biological and 
artificial network structures over last 15 years, as the functional minimised in these 
natural structures is a priori unknown (Katifori, Szöllősi, and Magnasco 2010).  
Biomimetic artificial structures inspired by leaf venation patterns have found 
application in engineering fields (Huang and Chu 2010; Lorente, Wechsatol, and Bejan 
2002; Wechsatol, Lorente, and Bejan 2005). 
The structure of vein network as a branching system has been studied in statistical 
analogy with branches river network systems (Pelletier and Turcotte 2000) or extending 
mathematically their hierarchical properties to reticular network (Mileyko et al. 2012; 
Katifori and Magnasco 2012). Optimization criteria considering the minimization of the 
scaling of the total hydrodynamic resistance through vascular network (West, Brown, and 
Enquist 1999) or the minimization of the volume of fluid within the network  (Banavar, 
Maritan, and Rinaldo 1999) were also proposed to model leaf transport structures. 
Traditional thinking that point in tree-like structures the optimal network contrasts 
with the high redundancy of leaf venation networks, which contain many loops (Nelson 
and Dengler 1997). Loops have been interpretated  as a compromise between transport 
efficiency and other requirements, such as tolerance to damage (Roth-Nebelsick 2001) or 
adaptations to transient fluctuations in load (Corson 2010; Peak et al. 2004). 
Research questions  
In this dissertation I examine how the spatial arrangements of stomata and veins 
might coordinate in two philogenetically and morphologically diverse groups of both 
angiosperms and ferns.   
 
The following research questions are addressed: 
 
1) Angiosperm leaves have evolved a terrific variability in terms of shape, size, 
thickness, hydraulic architecture, vein density and stomata patterns. Since underling 
metabolic mechanisms and competition constraints are common, what general criteria 
could be identified in relation to which different species developed characteristic leaf 
functional traits? 
2) Leaves vein architecture often present a characteristic redundancy due to the 
presence of more hydraulic paths connecting two network nodes and forming loops. Since 
the construction of conduits used for water transport requires highly specific structures 
and therefore the divertion of organic carbon from new growing tissues formation, the 
presence of loops seems to be apparently not advantageous.  
Might loopy transport structures be related to the length of the path water delivers 
through leaf mesophyll, where the hydraulic resistance component is the highest of the 
leaf? 
3) Ferns and angiosperms are both vascular plants, ferns differing from 
angiosperms for reproductive form, primitive stomata functioning and a often simplified 
hydraulic architecture. Reproduction by seeds and high vein density made angiosperms a 
  
 
Chapter 1 
4 
sort of evolutionary champion with the highest productivity rates among exixting plants, 
while ferns photosynthetic capacity remains low.  
How do different leaf traits affect the photosynthetical performances of the two 
groups of plants? 
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Materials and methods 
In this chapter I will describe general assumptions and methods underling my 
work.  
Further details on procedures that are specific of each dataset (dataset description, 
sampling criteria, lab protocol and statistical analysis) will be provided in Materials and 
methods sections of Chapters 3 and 4. 
Main assumptions 
Some simplifications were introduced in order to isolate main processes occurring 
in leaf spatial and functional arrangement:  
1. One mature and healthy leaf was considered to be 
morphologically representative of each species. 
2. Each leaf was thought to be an independent unit as a result  of 
an efficient acclimation to the environment (Carins Murphy, 
Jordan, and Brodribb 2012): no distinction between sun leaves 
and shadow leaves or their position on the plant were 
considered. 
3. Each leaf was assumed to be a two-dimensional body (i.e. leaf 
thickness was not measured). 
4. A loop or areole was defined as the smallest leaf lamina portion 
completely enclosed by veins. 
From sample to data 
The transformation of images content into vectorial features was central in this 
work: data for stomata and veins spatial arrangement on leaves were obtained by applying 
a GIS software (ArcGIS 10.00, ESRI Inc., 2010) to microscope images for different 
sampling positions on each leaf.  
The whole procedure can be summarized as follows: a pre-processing step of 
images creation and editing, an elaboration step, where images were digitized and spatial 
relationships among digital entities were recognized, and a post-processing step where 
output data were exported for statistical analysis. 
Pre-processing 
An image (“raster” in GIS language) showing clearly both stomata and veins on 
the same sampling position was required as an input to the software. 
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As stomata and veins usually lay on different levels of a leaf, (stomata on the 
surface, while higher order veins are often completely immersed in mesophyll layer), two 
different images for each sampling position were built for each sample and then roughly 
overlapped with the help of a graphical editing software (Photoshop CS4, Adobe 
Systems, 2004).  
Each one of the two images was assembled by mapping the surface of the chosen 
sampling area with light microscope partial images and then by merging together the 
partial images with the same editing software as above (Figure 1).  
 
 
Figure 1 Assembled microscope images for stomata (left) and veins (right) of a Tilia cordata sample. 
 
Common lab procedures were used to highlight stomata and veins structures on 
samples as well. Stomata partial microscope images were taken from leaf surface imprints 
on a viscous and fast-to-dry medium (common nail polish) mounted on glass slides. A 
further chemical or mechanical treatment to remove lamina and to stain vein tissues was 
needed on fresh leaves to make all vein orders detectable and well contrasted on a light 
background.  
The resulting combined image displayed both stomata and veins on the same 
surface level (Figure 2). 
 
Figure 2 Overlapped images of stomata and veins for Tilia cordata. 
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Elaboration: conversion of raster images into vectorial features 
A more accurate superposition of vein and stomata images was done in ArcGIS 
with a georeferencing operation. It consisted of anchoring some points of the vein image 
to the correspondent positions recognizable on the stomata image: an image can be 
stretched and deformed as much as one likes to conform to the chosen anchoring points. 
This operation allowed correcting overlap mistakes of vein image on stomata image due 
to an anisotropic deformation of leaf tissue caused by chemical staining procedure.  
Digital representations of leaf elements (Figure 3) were then built by combining 
manual and automatic operations.  
4 vectorial shapefile (the name ESRI gave to the geospatial data format used in 
ArcGIS) were created from microscope images for each sample, each one containing only 
one kind of primitive entities (points, line or polygons).  
A polygon shapefile was hand-drawn to enclose the part of the overlapped images 
where both stomata and veins were clearly detectable. It would be used later to extract 
only the part of the domain to be studied. 
Stomata digitization resulted in a point shapefile. It was built by picking by hand 
each stoma on the stomata image inside the domain portion area. Automatic procedures 
for extracting objects using size or form filters didn’t give a correct result with stomata 
due to the noise of epidermal cell walls present on stomata images. Stomata detection by 
hand was a quite long work but could guarantee a better control on result precision 
(estimated 1% stomata lost against a 40% with automatic filtering). 
A polygon shapefile was created automatically for loops; its complementary 
image portion (i.e. the portion of domain covered by veins) was store as a different 
shapefile displaying a single polygon structure. To obtain both representations, vein 
image cells were divided in two color classes and reclassified as black and white; 
polygons contours were generated to separate cells with different classification on the b/w 
binary image. Polygon contours were then smoothed and a threshold value equal to the 
smallest areole area was used to scrub the noise from representation. 
Each feature was labeled automatically with a both a progressive number and an 
identification number; label codes could be displayed on images.  
 
  
Figure 3 Image digitation. Vectorial representation of vein (left), loop (center) and stomata (right) for 
a leaf sample. Species: T. cordata Mill. 
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Elaboration: measurements and data export 
Key measurements on both stomata and veins were obtained as feature attributes 
automatically displayed in tables related to each feature class. Point features attributes are 
usually their spatial coordinates; polylines attributes are their length and the coordinates 
of their extreme points; polygons attributes are area, perimeter and centroid coordinates.  
Stomata position, domain extension and geometry of loops (area and perimeter) 
were easily recorded and stored this way. Depending on sample size and feature density, 
about ~10
3
 stomata features and ~10
2
 loop features were measured in each sample. 
Measurements on spatial relationships between stomata and veins were obtained 
as joint attributes of two feature classes based on the topological relationships between 
the features in the two feature classes. Topological relationships here considered were 
proximity and containment.  
So the distance from stomata points to vein walls lines, the number of stomata 
inside an areole and the identification of the loop a stoma fell inside were acquired.  
Tables of attributes were exported as .dbf files and then converted in spreadsheet 
format. Measurements were displayed in pixel units, so a conversion from pixel to linear 
units using microscope conversion tables was needed before elaborating the data.  
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Transport efficiency through uniformity: mutual vein and 
stomata spatial organization in angiosperm leaves 
Abstract 
Angiosperms represent more than the 95% of the extant vascular plants 
(McElwain 2011).  
The reason of their successful colonization of Earth surface is pointed in their 
photosynthetic capacity (Brodribb, Feild, and Sack 2010) mirroring the highest vein 
density measured among living and extint plants (Boyce et al. 2009). Both leaf vein 
architecture and stomata pattern have been extensively studied separately, the first for its 
intriguing property of redundancy (Corson 2010; Banavar, Maritan, and Rinaldo 1999; 
Mileyko et al. 2012), the latter for stomata organization in transpiring patches (Mott and 
Peak 2007; Terashima 1992; Beyschlag and Eckstein 2001). Nonetheless they are the 
extreme sides of fluid transport process in leaves (Sack and Holbrook 2006), only few 
studies consider their spatial coordination, focusing on the length of water path outside 
veins (Brodribb, Feild, and Sack 2010). 
In this work a geostatistical framework was applied to a dataset of 32 
angiosperms, 2 of them characterized by parallel major veins, in order to define general 
rules applying to spatial coordination of stomata and veins in leaves. A broad-leaved 
gymnosperm species was also included.  
The number of stomata inside a loop was put in relationship with loop size and 
loop contour for each species, leading to the definition of three functional traits: the 
stomata density per lamina DL, the stomata density per loop contour DC and the average 
distance from stomata to vein walls dv. 
For the studied species both stomata density and loop size were in average 
uniform on the leaf surface. Stomata were found to be randomly dispersed over the leaf 
surface, except for an exclusion distance estimated to be equal to 1-5 times the average 
stomata length. The relationship of stomata number both with loop area and loop contour 
was isometric (i.e. a unit of lamina or a unit of vein wall were in average related with the 
same amount of stomata independently from the position on leaf surface). Water path 
from vein walls to evaporative sites was independent from loop size for almost all the 
species, leading to hypothesize a underling mechanism of new vein formation when a 
threshold distance between veins and stomata is reached during leaf expansion.  
Coherently with the hypothesized scenario, blind vein endings were found to 
occour for increasing loop size in all the species and their role in limiting the minimum 
distance from veins to stomata was demonstrated.  
Thus, angiosperm superior hydraulic performances seem to reflect a high degree 
of spatial coordination between stomata and vein architecture. 
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Introduction 
Among 268.658 extant known tracheophytes, 255.247 are angiosperms species, 
representing more than the 95% of the total plant diverse species (McElwain 2011). Since 
they are the most widespread and numerous group on the surface of the planet, research 
works addressing “plant leaves” usually refear to “angiosperms plant leaves”.  
 
Vein network and stomata are the structures responsible for resources supply and 
loss-controlling in leaves through the water transport process (Sack and Holbrook 2006); 
separately, they have been studying extensively. 
 
Angiosperm vein architecture is characterized by a highly reticulated structure of 
tapering conduits (Coomes et al. 2008) organized gerarchically (McKown, Cochard, and 
Sack 2010). Other group of plants exhibit simplified single-veined design, as conifers 
(Zwieniecki et al. 2006), simple branched structures, as G.biloba (Boyce 2005), or they 
can be occasionally reticulated, as some ferns species  are (Brodribb and Holbrook 2004).  
The most remarkable and general characteristic of angiosperm vein architecture is 
redundancy, that means that two nodes of the network are connected by more than one 
edge (Roth-Nebelsick 2001). Different models have been developed to reproduce 
angiosperms vein network (Corson 2010; Banavar, Maritan, and Rinaldo 1999; Mileyko 
et al. 2012),  redundancy being explained with a positive increase of system resilience to 
damage (Katifori, Szöllősi, and Magnasco 2010) or as the consequence of fluctuations in 
loads (Corson 2010).  
From an evolutive point of view, no other group of plants, extant or fossil, have 
never reached the vein density values measured on present angiosperm species, ranging 2-
25 mm/mm
 2 
of leaf surface, other groups hardly being over 5 mm/mm
2 
(Boyce et al. 
2009).  
 
Angiosperm stomata have reached the highest degree of control of aperture, active 
regulated at molecular levels by absiscic acid levels (Bergmann and Sack 2007), in 
addition to adjacent cells turgor responsible of passive aperture of stomata of more 
primitive groups (Brodribb and McAdam 2011a). At the scale of leaf surface, stomata 
aperture is not uniform but dynamically functioning in patches (Mott and Peak 2007; 
Terashima 1992; Beyschlag and Eckstein 2001). 
 
Angiosperms photosynthetic high performances may explain their successful 
colonization of Earth surface (Brodribb, Feild, and Sack 2010), since values they show 
are the highest among plants and ranging 3.9-36 mmol m
-1
s
-1
MPa
-1
 (Brodribb et al. 2005).  
Hydraulically, angiosperms high productivity has been related with their high vein 
density by the proximity from veins to evaporative sites (Brodribb, Feild, and Jordan 
2007). Because the water path through the spongy mesophyll (Sack and Holbrook 2006) 
can account for more than 80% of the total leaf hydraulic resistance (Cochard, Nardini, 
and Coll 2004), it acts as a limiting factor on transpiring capacity. Path lenght through the 
mesophyll has been correlated to the inverse of vein density and then with conductance to 
water vapour (Boyce et al. 2009) and with maximum photosynthesys (Brodribb, Feild, 
and Sack 2010). Brodribb and al. and Boyce and al. works  have been the first to highlight 
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the importance of spatial mutual organization between water supplying and water loss-
adhibited structures in leaves in order to explain photosynthetic capacity of plants. 
  
Aim of this work was to characterize the mutual spatial arrangement among 
stomata and veins in angiosperms in order to find spatial clues of their highest efficiency 
compared to other groups of plants. 
Materials and methods 
Dataset 
Leaves from 32 angiosperm species and 17 orders were used in this study; a 
broad-leaved gymnosperm species (Ginkgo biloba L.) was also included.  
To investigate if general criteria might be traced to smooth the profound 
difference among foliar morphologies and hydraulics arrangements we can see among 
plants, species were selected to be philogenetically diverse, from different environments 
(tropical, alpine, Mediterranean, temperate) and of different habits (trees, lianas, grasses, 
shrubs). The dataset includes 5 monocots, a magnolid (Laurus nobilis L.) and a basal 
angiosperm (Amborella trichopoda Baill.). Sorghum halepense L and Bambusa were 
taken as representative of parallelinervia vein patterned species.   
Figure 4 shows a phylogeny tree of the studied species. 
 
Leaves were collected in different field sessions during the period April 2011 - 
October 2012. Two tropical species were sampled in Costa Rica (Coccoloba uvifera) and 
South Africa (Olea europea); twenty species were accessed from the Botanical Garden 
and the Arboretum of Forestry Department of Padua University. Amborella trichopoda 
leaves were collected from the Plant Science Department glasshouses of University of 
Tasmania, Australia. Middle altitude leaves were collected in and around East Alps, Italy. 
Table 1 lists the species with gender, family, origin, habit and sample provenience.  
 
Lab analyses were entirely performed at the Xilology Lab of Territory and Agro-
Forest Systems Department of University of Padua, Italy.   
Leaf sampling and sample preparation  
Some mature leaves without visible damages were collected from different 
individuals of the same species no regards to position on the plant. Leaves were stored in 
nylon bags and put in a refrigerator at 4° C until being used.  
At least 4 samples were taken in distant positions on the surface of each leaf, in 
order to account for the longest hydraulic paths: at the extreme sides of the midrib, near 
the insertion of a 2-order vein and near the margin, at the end of the same secondary vein 
(when detectable). More than 4 samples were taken on irreplaceable or fragile leaves.  
For compound leaves 3 samples were taken on both the terminal leaflet and on the 
leaflet that was nearest to the stem.  
Sampling areas were squares of approx. 30-40 mm
2
; each sampling position was 
identified with a drawing pen on both sides of the leaf. Marked leaves were scanned at 
600 dpi in colour to record sampling positions and leaf dimension or leaves contour was 
traced on a blank sheet together with samples position and identification codes.  
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Figure 4. Phylogenetic distribution of the species used in this study. Phylogeny tree from: Stevens, P. 
F. (2001  onwards). Angiosperm Phylogeny Website. Version 12, July 2012   
http://www.mobot.org/MOBOT/research/APweb/ 
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Species Family Order origin habit provenience 
Acer campestre L. Sapindacee Sapindales EU, SW asia, N africa T OB 
Acer negundo L. Sapindacee Sapindales USA T OB 
Acer pseudoplatanus 
L. 
Sapindacee Sapindales 
EU, Mediterranean 
region, Caucaso, Turkey 
T OB 
Amborella trichopoda 
Baill. 
Amborellacee Amborellales New Caledonia S 
Tasmania 
(AUS) 
Arbutus unedo L. Ericaceae Ericales Mediterranean region S OB 
Bambusa sp. Poaceae Poales China T OB 
Berberis hookeri L Berberidacee Ranunculales Nepal, Bhutan, India S OB 
Betula pendula Roth Betulacee Fagales EU, SW Asia, Caucaso S Padova 
Buddleja davidii 
Franch. 
Scrophulariacee Lamiales Native china japan S AT 
Carpinus betulus L. Betulacee Fagales W Asia, EU T AT 
Castanea sativa Mill. Fagacee Fagales EU, Asia T Padova 
Cercis siliquastrum L. Fabacee Rosales S Europe, W Asia T Padova 
Coccoloba uvifera L. Polygonaceae Caryophyllales Caribbean T Costarica 
Corylus avellana L. Betulaceae Fagales EU, W Asia T AT 
Crataegus azarolus L. Rosaceae Rosales Mediterranean region T Padova 
Fagus sylvatica L Fagacee Fagales EU T Recoaro, VI 
Fraxinus excelsior L Oleaceae Lamiales EU, SW Asia T CS 
Fraxinus ornus L. Oleaceae Lamiales EU SW Asia T OB 
Ginkgo biloba L. Ginkgoaceae Ginkgoales China T OB 
Hedera helix L. Araliaceae Apiales EU, W Asia L OB 
Laurus nobilis L. Lauracee Laurales Mediterranean region S AT 
Olea europaea L 
subsp. Africana (Mill.) 
Oleaceae Lamiales Africa, Arabia, SE Asia T Sudafrica 
Quercus cerris L. Fagacee Fagales EU, Asia Minor T AT 
Quercus robur L. Fagaceae Fagales EU, Anatolia, N Africa T AT 
Quercus rubra L. Fagaceae Fagales N America T Berlin (GER) 
Ruscus aculeatus L. Asparagaceae Asparagales EU S 
Colli Euganei 
(PD) 
Salix apennina A. K. 
Skvortsov 
Salicaceae Malpighiales Italy T OB 
Sambucus nigra L. Adoxaceae Dipsacales EU S AT 
Smilax aspera L. Smilacaceae Liliales 
Central Africa, 
Mediterranean region, 
tropical Asia 
L OB 
Sorghum halepense L. Poacee Poales  G AT 
Tamus communis L. Dioscoreaceae Dioscoreales EU, N Africa, W Asia L Creazzo (VI) 
Tilia cordata Mill. Malvaceae Malvales EU, W Asia T AT 
Ulmus glabra Huds. Ulmaceae Rosales EU, NE Asia T Recoaro (VI) 
Origin:  OB= Botanical garden of University of Padua, Padua; Italy; AT= LEAF Department Arboretum, University of 
Padua; CS=cCentre of studies of Alpine environment, San Vito di Cadore (BL), Italy; habit: T=tree, S=shrub, 
G=grass, L=liana. 
Table 1 Species dataset 
 
Stomata imprints 
Stomata samples were taken on each chosen position using transparent nail 
varnish on sticky tape, then collected on glass slides and labelled with species name, leaf 
identification code and sample identification letter. If trichoma were present, they had to 
be peeled off carefully with a razor before the treatment. Glass slides were stored inside 
plastic folders until being used with species sampling position representations on paper 
sheets. 
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Very thin leaves such as those of some herbaceous species were not suitable for 
this treatment. The use of transparent acrylic paint (common nail varnish) often made the 
storage uncertain for longer than few months.  
Small cuts using a razor were later made above pen lines on the leaf surface for 
making the localization of the study area possible during next treatments.  
Vein staining  
Sample areas were then chemically digested and stained to make all the vein 
orders all clearly visible. Leaf treatment protocol was adapted with some modifications 
from: Blonder, B (20/10/2010) Lab protocol for leaf clearing. Retrieved from: 
http://www.u.arizona.edu/~bblonder/leaves/The_secrets_of_leaves/Lab_protocol.html.  
Briefly, it consisted of a pre-treatment to extract chlorophyll using ethanol, a 
tissue erosion in weak solution of 5% NaOH in water untill tissues being transparent, a 
bleaching step with 50% common house bleach in water and a final staining using a 2% 
solution of Safranin-O (Sigma Ltd, St Louis, MO, USA) in ethanol. Samples were 
dehydrated with successive rinses in water and etanol at 50% and 70%, then they were 
stored immersed in a terpenic solvent (Bioclear 1000, Clearwater International LCC, 
Texas, USA; CAS# 10222-01-2). Samples were mounted on glass slides using pure 
glycerin as a temporary mounting medium.  
 
Treatment response and time needed for complete tissue erosion were found to be 
specific for each species, varying from some days for thin leaves to 8-10 weeks for 
evergreen species. Chemical erosion step could be accelerated by heating the NaOH 
solution on a hot plate at 50-70°C. 
Light microscope images collecting 
Only one treated leaf per species was chosen for image collecting. 
Both stomata and vein samples were mapped using a Nikon DS-L1 digital camera 
mounted on a Nikon Eclipse 80i light microscope (Nikon Corporation, Tokyo, Japan).  
In order to keep file size as small as possible, the lowest magnification needed to 
see clearly both stomata and the smallest veinlets for each sample was used. 
Magnifications thus varied from 2x to 10x. 
Image editing and vein extraction  
For each sample both stomata and vein microscope images were merged together 
using a raster graphic editor (Photoshop CS4, Adobe Systems Inc., 2004). Aggregated 
images were manipulated to correct exposure and contrast; images saturation and 
brightness were changed using the Curves and Levels tools on the Photoshop Adjustment 
Levels panel. Images were then saved as .jpg files. 
Each vein image was further manipulated to extract the sole vein architecture 
representation: once transformed into a grayscale image, the portion of the picture 
characterized by dark pixel corresponding to the network was separated from the clearer 
background with the Photoshop "Magic wand" tool and saved separately.  
Chemical treatment was sometimes seen to cause anisotropic deformations on leaf 
tissues: not well overlapping or damaged parts of images were excluded from later 
analysis. 
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Measurements 
The stomata image and the network image were superimposed for each sample 
position of each species and transformed from raster to vectorial features using a 
geoprocessing software (ArcGIS 10.0, ESRI Inc.) by the method described previously 
(see Chapter 2).  
All the polygons completely enclosed by veins were identified as loops, labelled 
with a numeric code and their area and perimeter were automatically measured; for each 
polygon, a binary variable s/n was manually added to polygons attributes to mark the 
presence of blind veinlets inside each loop (s presence, n absence).  
The contour of the domain was drawn along the outer vein margin of the chosen 
study area in order to avoid the introduction of artificial lines on loop representations. 
This criterion didn’t apply for G. biloba because the vein pattern of this species has no 
loops. Thus, artificial lines that had been added with domain contour perpendicularly to 
veins were identified and their length was subtracted from measurements of the contour 
of each lamina portion.  
Domain surface and vein area extension were measured as well. 
The coordinates (x,y) of all stomata centroids referred to a system of axis pointed 
in the up-left corner of the image were automatically recorded.  
Stomata number per loop was obtained as the result of a spatial joint between 
point shapefile of stomata and polygon shapefile of loops. Minimum Euclidean distance 
to the nearest vein was computed for each stoma using ArcGIS Spatial Analyst Tool 
extension; points were then attributed the identifying code of the polygon they fell inside 
and distances values inside each loop were dissolved in an average value representative 
for the loop.  
In order to assess the role of veinlets in vein patterns, a subset of 7 species 
characterized by high veinlet presence inside loops was studied. A loop shapefile for each 
species was edited by cutting off all the veinlets inside each vein pattern representation. 
The average minimum distance from stomata to veins was then calculated for the edited 
pattern in the same way that for the real one (see an example of real and edited pattern in 
Figure 5). 
Three measurements concerning the spatial relationships among stomata and vein 
patterns were thus introduced: the stomata density per unit of leaf lamina (DL,) as an 
average value of the ratio between the number of stomata inside each loop and loop 
surface; the stomata density per unit length of loop contour (DC), as an average value of 
the ratio between the number of stomata inside a loop and loop contour; the average 
minimum distance from stomata to veins (dv), as defined above. 
Statistical analyses 
Stomata density and loop size variation on the leaf 
Statistical significance of the difference in stomata density among different 
position on the leaf was tested for each species using ANOVA analysis both for stomata 
density and for loop dimension. Overlaying analysis of variance hypothesis were checked 
using Shapiro test to assess data normal distribution and Fligner test to exclude data 
heteroscedasticity. Significance (p<0.05) was tested with nonparametric Kruskal–Wallis 
test. Results were plotted as box-plot with notches (Crawley 2007) for each sample.  
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Figure 5 A detail of vein pattern vectorial representation showing real vein pattern (blue dashed line) 
and edited vein pattern without veinlets (black solid line). Minimum distance from stomata to veins 
was computed for both cases. Species: F. ornus L 
 
Linear regression analysis was used to investigate the relationship between 
stomata presence (i.e. the number of stomata inside a loop) and vein network geometry 
parameters (area and perimeter of loops). Regressions were considerated to be significant 
if p<0.05. 
Statistical analyses on stomata density and relationship between stomata number 
per loop and loop geometry were performed using R.15.1 (R-Core Team, Vienna, Austria, 
2012).  
Stomata distribution 
Point Pattern Analysis technique was applied on a subsample of 15 species in 
order to study stomata spatial distribution patterns.  
Species were chosen for being primitive (A.trichopoda), with parallel vein patterns 
(S.halepense and Bambusa), and with high (L.nobilis, U.glabra, Q.cerris), medium 
(H.helix, S.apennina. A. negundo and A.unedo) or low stomata density (S. aspera, 
T.comunis, F.excelsior). 
The univariate pair-correlation function G(r) (Wiegand and Moloney 2004) was 
used to test if the distributions were clumped, regular or random for these species.  G(r) 
function, with respect to the more commonly used Ripley's K (Ripley 1977), isolates 
specific distance classes, avoiding cumulative effects on data analysis.  
The analysis was performed using the software Programita (Wiegand and 
Moloney 2004).  
Significance level of 95% was obtained by comparing the real distribution pattern 
with confidence envelopes created from 99 Montecarlo simulations of a null model 
chosen from a set of available theoretical distributions. The chosen null model was a 
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complete spatial randomness (CSR) model corresponding to the theoretical distribution of 
a homogeneous Poisson point process.  
Feature points stomata layer, polygons features in loop layer and vein polygon 
were attributed three different identification numeric codes in ArcGIS and then collapsed 
in a single raster whose cell dimension was set to cover the average length of a stoma for 
the species being analysed. The raster was converted in an ASCII file having for each cell 
the numeric code the feature it was of part of and then imported in Programita for 
analysis. This procedure allowed masking the portion of leaf domain where veins were 
present in order to account for that stomata are often not present above veins.   
Point pattern analysis was performed with a spatial resolution (ring width) of 3 
cells, in order to detect the nearest possible stomata point, and up to a characteristic 
length. Characteristic length to stop the analysis was assumed to be the radius of the circle 
having the same area of the average loop present on the sample.  
Stomata average distance from veins  
Regression analysis was performed to check for the relationship between average 
minimum stomata-to-vein distance and loop size.  The software SMATR ((Warton et al. 
2006)) was used to test for differences in slope between the relationship for the real vein 
pattern and the edited pattern with cut-off veinlets. 
Results 
Mean values for DL, DC and dv 
Table 2 shows compiled mean values of stomata density per leaf lamina (DL), 
stomata density per unit of loop contour (DC) and average distance stomata-to-vein (dv) 
for each species of the dataset. Values are reported as mean ± sd. For a comparison, 
stomata density per leaf area (D) was also calculated.  
Stomata number per mm
2
 of leaf lamina covered a range of 20-600 among 
sampled angiosperms species, with extreme values for Bambusa (23 ± 9 stomata/mm
2
 
lamina) and Q.cerris (575 ± 80 stomata/mm
2
 lamina). Monocots stomata were 
significantly less dense than for eudicots; G.biloba density value was the smallest of the 
dataset.  DL values were greater than D values for almost all the species, being the ratio 
between the two the expression of surface occupation by veins on the study domain 
(ranging from about 10% for R.aculeatus to 45% for C.uvifera). DL could be either 
greater or lesser than D for species presenting stomata also above veins (A. trichopoda, 
B.hookeri, H.helix, O.europea, R.aculeatus, S.apennina, T.communis) because for those 
species vein surface acts as a big loop with a proper number of stomata inside its contour.  
DC varied from a value of 2 ± 1 stomata/mm of loop contour for S.halepense to 30 
± 4 stomata/mm of loop contour for A. negundo, with a mean value among species of 12 
stomata/mm. Angiosperms average distance stomata-to-vein dv was bigger for species 
showing low values of DL and ranged from 19 (± 0.004) mm for S.apennina to 0.107 ± 
0.016 for A. campestre; G.biloba value was found to be three-fold bigger than the 
maximum distance for angiosperms species (0.374 ± 0.035 mm).  
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Species 
Stomata 
number per 
mm
2 
leaf 
area 
 (mean ± sd) 
D  
Stomata 
number per 
mm
2 
lamina 
area 
 (mean ± sd) 
DL 
Stomata 
number per 
mm length of  
loop contour 
(mean ± sd) 
DC 
Stomata average 
minimum mm 
distance from 
vein 
 (mean ± sd)  
dv 
Acer campestre L. 39 (± 3) 54 (± 8) 9 (± 2) 0.107 (± 0.016) 
Acer negundo L. 188 (± 3) 252 (± 24) 30 (± 4) 0.072 (± 0.008) 
Acer pseudoplatanus L. 131 (± 20) 197 (± 35) 11 (± 3) 0.050 (± 0.010) 
Amborella trichopoda 
Baill. 
159 (± 10) 177 (± 35) 20 (± 6) 0.068 (± 0.023) 
Arbutus unedo L. 96 (± 18) 155 (± 20) 10 (± 2)  0.043 (± 0.009) 
Bambusa sp. 17 (± 1) 23 (± 9) 2 (± 1)  0.149 (± 0.059) 
Berberis hookeri L. 423 (± 16) 409 (± 61) 17 (± 4)  0.046 (± 0.027) 
Betula pendula Roth. 181 (± 13) 293 (± 79) 9 (± 2)  0.021 (± 0.05) 
Buddleja davidii Franch. 170 (± 14) 247 (± 68) 11 (± 3)  0.030 (± 0.007) 
Carpinus betulus L. 125 (± 10) 184 (± 44) 9 (± 2)  0.039 (± 0.007) 
Castanea sativa Mill. 112 (± 4) 175 (± 31) 9 (± 2) 0.034 (± 0.007) 
Cercis siliquastrum L. 125 (± 28) 185 (± 48) 11 (± 3) 0.041 (± 0.007) 
Coccoloba uvifera L. 189 (± 25) 347 (± 64) 12 (± 3) 0.023 (± 0.005) 
Corylus avellana L. 93 (± 2) 133 (± 23) 8 (± 2) 0.041 (± 0.008) 
Crataegus azarolus L. 89 (± 12) 124 (± 39) 5 (± 1) 0.026 (± 0.007) 
Fagus sylvatica L. 129 (± 4) 175 (± 27) 11 (± 2) 0.042 (± 0.007) 
Fraxinus excelsior L. 26 (± 2) 35 (± 5) 5 (± 1) 0.101 (± 0.016) 
Fraxinus ornus L. 160 (± 26) 237 (± 42) 11 (± 3) 0.039 (± 0.008) 
Ginkgo biloba L. 18 (± 3) 22 (± 3) 14 (± 2) 0.374 (± 0.035) 
Hedera helix L. 150 (± 9) 203 (± 7) 21 (± 3) 0.060 (± 0.006) 
Laurus nobilis L. 270 (± 16) 409 (± 45) 27 (± 4) 0.044 (± 0.007) 
Olea europaea L subsp. 
Africana (Mill.) 
42 (± 10) 63 (± 15) 7 (± 2) 0.071 (± 0.013) 
Quercus cerris L. 379 (± 41) 575 (± 80) 25 (± 5) 0.029 (± 0.005) 
Quercus robur L. 233 (± 23) 346 (± 61) 15 (± 3) 0.032 (± 0.006) 
Quercus rubra L. 281 (± 20) 392 (± 46) 20 (± 4) 0.033 (± 0.005) 
Ruscus aculeatus L. 41 (± 3) 46 (± 9) 5 (± 2) 0.080 (± 0.024) 
Salix apennina A. K. 
Skvortsov 
203 (± 11) 259 (± 50) 9 (± 2) 0.019 (± 0.004) 
Sambucus nigra L. 59 (± 4) 84 (± 15) 6 (± 1) 0.045 (± 0.010) 
Smilax aspera L. 17 (± 2) 23 (± 4) 4 (± 1) 0.106 (± 0.014) 
Sorghum halepense L. 29 (± 1) 36 (± 7) 2 (± 1) 0.057 (± 0.010) 
Tamus communis L. 74 (± 10) 91 (± 24) 10 (± 3) 0.068 (± 0.018) 
Tilia cordata Mill. 95 (± 4) 128 (± 25) 9 (± 2) 0.056 (± 0.012) 
Ulmus glabra Huds. 301 (± 1) 399 (± 65) 15 (± 3) 0.023 (± 0.004) 
 
Table 2 Compiled data as mean (± sd) for stomata density per loop area DL, stomata density per loop 
length DC and mean distance stomata to vein dv for each species sampled in this study  
 
For microscope image detail, sampling positions and vectorial representation of 
stomata and veins with mean values of measurements see Appendix 1. 
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Stomata density among samples 
Stomata density was calculated for each loop as the ratio between the number of 
stomata inside each loop and the loop area. ANOVA test was performed to test for a 
difference in stomata density values among different positions on the same leaf. In Figure 
6 results are shown as box plot with notches for each species. Graphically, medians of 
boxes with overlapping notches are likely to be not significatively different (Crawley 
2007). 
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Figure 6 Box-plot with notches (Crawley 2007) for stomata density among different samples on a leaf 
for each species. Overlapping notches mean unlikely differences among sample medians. ANOVA (ns 
p>0.05): Acer campestre p=0.02 (5.03%); Acer negundo p=0.116 (5.82%); Acer pseudoplatanus 
p<0.0001 (11.57%); Amborella trichopoda Baill p<0.0001 (11.79%); Arbutus unedo p=0.58 (1.55%); 
Bambusa sp p=0.02 (4.58%); Berberis hookeri p<0.01 (2.44%); Betula pendula p=0.68 (1.75%); 
Buddleja davidii p<0.0001 (7.88%); Carpinus betulus p=0.048 (4.33%); Castanea sativa p<0.001 
(3.65%); Cercis siliquastrum p<0.0001 (14.05%); Coccoloba uvifera p<0.01 (6.11%); Corylus avellana 
p=0.32 (1.85%); Crataegus azarolus p<0.01 (14.11%); Fagus sylvatica p<0.0001 (4.38%); Fraxinus 
excelsior p=0.09 (3.62%); Fraxinus ornus p<0.0001 (7.23%); Ginkgo biloba L p<0.0001 (12.72%); 
Hedera helix p=0.046(3.71%); Laurus nobilis p<0.01 (2.05%); Olea europea p<0.0001 (16.87%); 
Quercus cerris p<0.0001 (14.41%); Quercus robur p<0.001 (8.09%); Quercus rubra p<0.0001 (7.56%); 
Ruscus aculeatus p=0.052 (9.08%); Salix apennina p=0.071 (5.92%); Sambucus nigra p=0.29 (3.40%); 
Smilax aspera p<0.0001 (15.25%); Sorghum halepense p=0.46 (1.3%); Tamus communis p<0.0001 
(15.98%); Tilia cordata p=0.1 (3.03%); Ulmus glabra p=0.37 (1.46%). Computed coefficient of 
variation value is shown among brackets for each species. 
 
The difference in stomata density among samples on the same leaf was not 
significative (p>0.05) for 40% of the species (13 / 33). A highly significative difference 
(p<0.0001) was found for 12 species (A.pseudoplatanus, A.trichopoda, B. davidii, 
C.siliquastrum, F.sylvatica, F.ornus, G.biloba, O.europea, Q.cerris, Q.rubra, S.aspera, 
T.communis); a weaker significativity was found for the other 8 species. However, the 
computed coefficient of variation showed the difference in stomata density as being 
limitated to a maximum of 10-15 % for these species (maximum CoV for O.europea and 
T.communis: 16.87% and 15.58% respectively).  No different behaviour from the other 
species was found for species with compound leaves (F.excelsior, F.ornus, S.nigra), for 
what the distance among samples was the greatest.  
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As all samples were coded A-Z from the top to the bottom of the leaf, no general 
pattern across species could be predicted from boxes showing different densities (i.e. we 
can’t say that the samples taken near the top or in intermediate positions on the leaf have 
greater or lesser densities than the other samples for all the species showing a difference 
in stomata density). 
Stomata distribution 
Point pattern analysis on stomata distribution was performed for a subset of 15 
species.  
Figure 7 shows the G(r) of the real pattern in solid black line with Monte Carlo 
simulation of CSR point pattern in dashed lines for each species. G(r) represents the 
estimated number of points in a ring of a certain radius r centred in the location of a 
random individual point and divided by the average intensity of the pattern. Values of 
G(r) above the confidence limit represent a clustered distribution; values below the 
confidence limit represent regular (over-dispersed) distribution, values between the 
confidence envelopes indicate a random distribution. Unit of distance r is specific for 
each species and set as related to the average length of a stoma for the species.. 
For all the studied species, stomata are dispersed for lower classes of distance r 
(i.e. the real distribution is under the lower confidence limit of the model), some of them 
exhibit a clustered pattern for intermediate distances (real pattern is above the upper limit 
of the confidence interval), then for higher distances distribution a random pattern is 
predictable, as the g(r) for the real distribution lies inside the theoretical model confidence 
interval for all the species.  
A red solid line is showed on each plot for the limit distance of clumped spatial 
pattern; r values in mm can be found in caption. A blue solid line limits the distance r 
equal to the radius of the circle having the same area of the average loop for the species, 
except than for G.biloba, A.trichopoda and H.helix. G.biloba has no loops, stomata of the 
other two species occur also above veins, so that loops are not grouping constraint for 
stomata distributions. For Bambusa, loop dimension limit distance occurs for a value of r 
at what stomata distribution is still clustered: this is probably due to that loops are made 
by principal parallel veins and transversal minor veins connecting them, but only the first 
have an effect in grouping stomata. 
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Figure 7 G(r) for the studied species. Blue line: radius of the circle having the same area of the verage 
loop for each species. Estimated distance r at what random distribution occours for the species (red  
vertical line):  Acer Negundo r = 0,014; Amborella trichopoda r = 0.034 mm; Arbutus unedo r = 0.019 
mm; Bambusa sp r = 0.019 mm; Fraxinus excelsior r = 0.036 mm; Ginkgo biloba r = 0.038 mm; 
Hedera helix r = 0.024 mm; Laurus nobilis r = 0.018 mm; Quercus cerris r = 0.015; Ruscus aculeatus 
r= 0.036 mm; Salix apennina r = 0.018 mm; Smilax aspera r = 0.024 mm; Sorghum halepense r = 0.019 
mm; Tamus communis r = 0.019 mm; Ulmus glabra r = 0.011 mm.  
 
Stomata resulted overdispersed for small distance classes (1-5 r), moderately 
clustered in some species for intermediate distances and then randomly distributed at 
increasing distances. As the dimension cell for analysis was chosen to be the same of the 
average stomata length for each species, the distance d* at what each species shifted from 
clumped to other kind of distribution could be measured.  The distance d* was 
demonstrated to be a spacing distance for stomata of each species (i.e. d* was found to be 
proportional to 1/radq(DL), see Figure 8). 
 
 
Figure 8 Shifting distance (mm) from clumped distribution for studied species plotted against the 
inverse of a measurement of stomata linear density (1/radq(DL). Relationship was statistically 
significative (p<0.0001).  
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Relationship between stomata number within a loop and loop area 
Stomata number inside each loop was plotted against loop area values. Loop area 
and stomata number per loop ranges were species-specific, with extreme values for 
A.trichopoda (biggest loop area, 1-4 mm
2
) and Bambusa (lowest stomata number per 
loop, # <10) 
All the samples related to a species were considered together and a linear 
regression model was used to fit the data. Plots for the studied species are shown in 
Figure 9. 
A strong significative (p<0.0001) relationship was found for all the species, 
accounting for the variation of 65-99% of the stomata number per loop. Only Bambusa 
showed a lower r
2
 (r
2
=0.4) probably due to its peculiar stomata arrangement with 1-6 
stomata in each loop.   
Line intercept had the physical meaning of the number of stomata for a null loop 
area: as expected intercept value was near 0 and with a low significance (p>0.1) for the 
dataset species. Line coefficient represented the number of stomata for a 1 mm
2
 of loop 
area; it was highly significative for all the species and its value was proximal to DL 
values. 
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Figure 9 Relationship between stomata number per loop and loop area. Stomata number per loop is 
plotted with grey circles. Regression model plot is shown in black solid line with the 95% confidence 
intervals and 95% prediction intervals in dashed lines. r
2
 values are also shown.  
Relationship between stomata number within a loop and loop contour 
The relationship between stomata number per loop and loop contour was 
investigated as well. Stomata number per loop was plotted against loop contour values for 
each species and a linear regression model was used to fit the data. Plots of data and 
fitting regression line model are shown in Figure 10. 
As for stomata number against loop area, a highly significative (p<0.0001) 
relationship was found for all the species, accounting for the variation of 50-99% of 
stomata number per loop.  
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Fitting line intercept had the physical meaning of a number of stomata for a null 
length of loop perimeter: as expected, intercept value was near 0 and with a low 
significance (p>0.1) for all the species.  
Line coefficient represented the number of stomata for a 1 mm of loop length: it 
was highly significative for all the species and had the same meaning of average DC.  
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Figure 10  Relationship between stomata number per loop and loop contour. Regression model line is 
showed in black solid line with the 95% confidence intervals and 95% prediction intervals in dashed 
lines; r
2
 values are also shown 
Loop size variation over the leaf  
 
To test if loop morphology was different among different positions on the leaf, 
analysis of variance was performed for loop size among the different samples for each 
species (Figure 11). A highly significative relationship was found for 6 species over 33. 
As for those species the variance of only one sample varied from the others, loop size can 
be assumed to be in average uniform on the leaf surface of all the studied species.  
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Figure 11 Box-plot with notches for loop size in different samples on a leaf for each species. 
Overlapping notches mean unlikely differences among samples medians. ANOVA(ns p>0.05): Acer 
campestre p=0.078; Acer negundo p=0.07; Acer pseudoplatanus p<0.0001; Amborella trichopoda Baill 
p=0.92; Arbutus unedo p=0.89; Bambusa sp p<0.0001; Berberis hookeri L p=0.94; Betula pendula 
p=0.28; Buddleja davidii p<0.01; Carpinus betulus Kruskar-Wallis p=0.096; Castanea sativa p=0.035; 
Cercis siliquastrum Kruskar-Wallis p=0.074; Coccoloba uvifera p=0.018; Corylus avellana Kruskar-
Wallis p=0.49; Crataegus azarolus p=0.037; Fagus sylvatica p<0.01; Fraxinus excelsior p=0.26; 
Fraxinus ornus p<0.01; Ginkgo biloba p=0.97; Hedera helix p=0.73; Laurus nobilis p=0.16; Olea 
europea Kruskar-Wallis p<0.01; Quercus cerris p<0.0001; Quercus robur p<0.0001; Quercus rubra 
p<0.0001***; Ruscus aculeatus Kruskar-Wallis p=0.6; Salix apennina p<0.01; Sambucus nigra 
p<0.01; Smilax aspera p=0.05; Sorghum halepense p<0.0001; Tamus communis p=0.065; Tilia cordata 
p=0.31; Ulmus glabra p=0.04. 
Relationship between dv and loop area 
The relationship between dv, as defined before, and loop area was tested with a 
linear regression model for each species. 
Results are plotted in Figure 12 for all the dataset.  
Three different situations were found.  
For 6 species over 33 (A.campestre, A.unedo, B.pendula, G.biloba, R.aculeatus, 
U.glabra) the relationship between the two variables was found to be not significative 
(p>0.05): the fitting line was horizontal (i.e. coefficient statistically proximal to 0), so dv 
seemed not to increase with growing loop size.  
For 17 species over 33 linear model fitting line was weakly significative or 
significative (0.0001<p<0.05) with r
2
 lower than 0.1. It means that the coefficient of the 
fitting line was different from 0 and had a statistical significative value. Indeed, over the 
range of loop size and given the high variance in average distance values, the increasing 
effect of distance dv with loop size was very small: dv could be approximated to be a 
constant value with growing loop size also for these species. For the two groups of 
species dv value as found from the fitting line intercept was similar to the average value 
compiled at the beginning of this chapter. 
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Figure 12 Relationship between dv and loop area. r
2
 value is shown for significative regression 
(p<0.05). Interpolating line equations y=ax+b coefficients: Acer campestre a=0.006, b=0.1***; Acer 
negundo a=0.008*, b=0.067***; Acer pseudoplatanus a=0.332***, b=0.034***; Amborella trichopoda 
a=0.009***, b=0.06***; Arbutus unedo a=0.0003, b=0.042***(p=0.98); Bambusa sp. a=0.36***, 
b=0.058***; Berberis hookeri L a=0.03***, b=0.02***;  Betula pendula a=0.007, b=0.02***; Buddleia 
davidii a= 0.012*, b= 0.03***; Carpinus betulis a=0.112***,  b=0.034***; Castanea sativa a=0.024*, 
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b=0.032***; Cercis siliquastrum a=0.0377*, b=0.0377***; Coccoloba uvifera a=0.019***, b=0.02***; 
Corylus avellana a=0.017 . , b=0.05***; Crataegus azarolus a=0.04*, b=0.024***; Fagus sylvatica 
a=0.03***,  b=0.05***;  Fraxinus excelsior a=0.009*, b=0.09***; Fraxinus ornus a=0.034*** b=; 
0.04***; Ginkgo biloba a=0.001, b=0.36***; Hedera helix a=0.009*, b=0.052***; Laurus Nobilis 
a=0.15***, b=0.03***; Olea europea a=0.018***, b=0.06***; Quercus cerris a=0.05***, b=0.025***; 
Quercus robur a=0.06***, b=0.029***; Quercus rubra a=0.03***, b=0.03***; Ruscus aculeatus 
a=0.005, b=0.07***; Salix apennina a=0.035*, b=0.017***; Sambucus nigra a=0.015***,  b=0.04***; 
Smilax aspera a=0.003*,  b=0.1***; Sorghum halepense L a=0.05***, b=0.04***; Tamus communis 
a=0.028***, b=0.05***;Tilia cordata a= 0.047***, b=0.05***; Ulmus glabra a=0.0007, b=0.023***.  r
2
 
>0.1 values are shown for significative relationships.  
(***: p<0.0001; *: p<0.01; . : p<0.1; ns p>0.05)  
 
For the remaining 10 species (A. pseudoplatanus; A. trichopoda; Bambusa;  
B.hookeri;  H. helix; L. Nobilis; O. europea; Q. cerris; S. halepense; T. communis) the 
relationship between dv and loop size was found to be both statistically significative and 
of scientific importance with r
2
 ranging 0.1-0.4. 
 
Among them, for Poacea species dv was found to be a value independent from 
loop size when the analysis was repeated excluding transverse bundles from 
measurements (Figure 13); dv values were equal to half the average distance between 
longitudinal veins.  
  
Figure 13 Relationship between average minimum vein-to-stoma path inside a loop and loop area. 
Interpolating line equations y=ax+b coefficients: Bambusa sp. a=0.18*, b=0.13***; Sorghum 
halepense L a=0.015*, b=0.065***. 
 
In order to explore the other angiosperm species behaviour, dv was indagated 
against loop contour length for the remaining 8 species (Figure 14). 
 
For 5 over 8 species a weak (r
2
<0.1) relationship or not statistically significative 
(p>0.05) was found between dv and loop contour  (i.e. dv was indipendent from loop 
contour lenght).  
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Figure 14 Relationship between average minimum vein-to-stoma path inside a loop and loop contour. 
R
2
 is shown for significative regression (p<0.05). Interpolating line equations y=ax+b coefficients: 
Acer pseudoplatanus a=0.003, b=0.046***; Amborella trichopoda a=0.0012***, b=0.0059***; Berberis 
hookeri L a=0.001*, b=0.023***;  Hedera helix a=0.0009., b=0.053***; Laurus Nobilis a=0.01***, 
b=0.03***; Olea europea a=0.001***, b=0.06***; Quercus cerris a=0.0007*, b=0.027***; Tamus 
communis a=0.0039**, b=0.05***.   
(***: p<0.0001; *: p<0.01; . : p<0.1; ns p>0.05) 
  
Veinlet presence in loops 
For each angiosperm species, loops were attributed a categorical code describing 
if blind portion of veins connected with the vein network by only a side (“veinlets”) were 
present or not within the loop area (n= “absence”, s= “presence”).  
G.biloba was excluded from this representation because its network is simple 
branched without loops. 
Data for the studied species are here summarized as spine plots (Figure 15). Spine 
plots subdivide loop area in dimension classes whose surface on the plot is related to the 
fraction of total loops having that size; for each dimensional class, the proportional 
composition of subcategories associated with the two factors describing veinlets presence 
is visualized; percentage composition of veinlet presence can be read on the right vertical 
axe.  
As staten in previous analyses, loop average dimension and loop dimension 
composition in classes were a characteristic of each species. Both Poacea species showed 
no veinlets; for all the other species veinlet incidence in each loop dimensional class was 
species-specific. As an example, H.helix loop area ranged 0-2 mm
2
, with more than 50% 
of the loops in the class 0.5-1 mm
2
; about the 70% of loops in the class 0.5-1 mm
2
 
presented veinlets and so did the totality of loops within the further two dimensional 
classes. 
As a general trend common, veinlets presence progressively increased with 
increasing loop dimension for all the species (i.e. areoles with veins were found to be 
larger on average than those without). 
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Figure 15 Spine plot for veinlet presence in different loop size class for each species. Horizontal axe: 
loop area a (mm
2
); vertical axe on the right side of plots: incidence fraction of factors n (= “absence”, 
dark grey) and s (= “presence”, light grey) 
Veinlets and dv 
To justify the increasing presence of veinlets with growing loop size, veinlets role 
in value dv was further investigated. I hypothesized that veinlets might have an effect in 
keeping the average distance independent from loop size for increasing loop dimension.  
A subset of 7 species (A. unedo, B.davidii, C.uvifera, F.excelsior, F.ornus, 
S.nigra, S.aspera) showing a high veinlet presence (> 50% of total loops) was chosen for 
this study from the general dataset and the loop shapefile of a sample each was edited as 
explained in the Measurements session. Values of dv for the edited pattern without 
veinlets plots against loop area are shown in Figure 16 with fitting lines; each plot reports 
also dv for the real vein network pattern. 
For all the 7 species, the relationship between dv for the edited pattern and loop 
area was found to be significatively modeled by a power relationship in the form y=ax
b
. 
Exponents b ranged 0.3-0.45 and notably tended to the theoretical value of the 
relationship between a circle and its radious (b=0.5). As expected, the dv relationship with 
loop area for real patterns was found to be linear and without a remarkable inclination for 
all the species, as previously discussed. 
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Figure 16 Average minimum distance vein-stomata for real vein pattern and veinlet-cut pattern for  
Coccoloba uvifera (CU), Fraxinus excelsior (FE), Smilax aspera (SA), Buddleia davidii (BD), Fraxinus 
ornus (FO), Sambucus nigra (SN), Arbutus unedo (AU). “cut” distribution is fitted with a power-law 
fitting line (BD: b=0.42  (p<0.001), R
2
=0.71; CU: b=0.323 (p<0.001), R
2
=0.57; AU: b=0.35 (p<0.001), 
R
2
=0.64; FE: b=0.38 (p<0.001), R
2
=0.73; FO: b=0.32 (p<0.001), R
2
=0.59; SN: b=0.338 (p<0.001), 
R
2
=0.66; SN: b=0.44 (p<0.001), R
2
=0.77). “cut” and “real” points were from different distributions 
(p<0.001). 
Discussion 
Vein patterns within the dataset 
In order to validate general relationships, dataset composition was chosen by 
maximizing the range of traits variability among species, both evolutively (by chosing 
species of different orders) and morphologically.  
In particular three kind of vein architecture are here considered: 30 reticulate-
patterned angiosperms species, 2 Poacea species showing tipical monocots vein pattern 
(S.halepense and Bambusa) and a broad-leaved gymnosperm (G.biloba).  
While angiosperms typically exibit many gerarchical order of veins, redundancy 
and blind endings, G.biloba leaves present a simplified vein architecture with only one 
order of veins; venations are open and running straightly to the margin, resulting of a 
marginal expansion mechanism (Boyce 2009). Although general properties of 
angiosperms vein architecture as hierarchical order or redundancy are conserved in 
Poacea species, they exibit a peculiar vein pattern limitated to three orders with distinct 
tasks in water transport (Dannenhoffer et al. 1990; Altus and Canny 1985; Ueno et al. 
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2006); a linear relationship exists between leaf width and total bundle number in the blade 
(Dannenhoffer and Evert 1994). 
Mean values for DL, DC and dv 
In this study stomatal density D was computed for a dataset of 32 species of 
angiosperms and a broad-leaved gymnosperm aside with three new traits measurements 
concerning both stomata and veins: stomata density value referred to leaf lamina DL, 
stomata density per unit of loop contour DC and average distance stomata-to veins dv 
inside loops.  
All the three measurements consider the number of stomata present inside a loop 
as an elementar unit: this approach results correct since epidermal turgor hydraulically 
connecting stomata within a particular areole acts so that their aperture modulation is 
propagate within the areole (Beyschlag and Eckstein 2001). 
DL is a stomata density net of vein occupation. It accounts for that in most species 
stomata are not present above veins, being confined by veins within lamina areoles or 
loops. Surface extension occupied by veins is specific of each species and was found to 
vary 10-50% of the total leaf lamina among the dataset species. DL allows comparing 
different species on an equal basis, avoiding the effect of the position of a sample was 
taken (i.e. D might be under-estimated in the proximity of a major vein occuping part of 
the study area). Species with similar average D, as for example B.pendula and B.davidii 
(181 and 170 stomata/mm
2
), could show unlike DL (293 and 247 stomata/mm
2
) because 
of their different vein occupied surface. Thus, DL seems to be a more reliable measure 
than D for making comparison of stomata density among different species.  
  Loop contour is representative for the length of the diffusive layer by what water 
transits from xylems to mesophyll cells because water transits outside xylems through 
minor veins bundle sheaths and then is conducted by cell-to-cell contact of spongy 
mesophyll  (Sack and Holbrook 2006). Inverse of DC is a measurement of the unitary 
length of supplying diffusive wall available in average for each final evaporating 
site.Values of DC
-1
 plotted against stomata density D (Figure 17) show a greater specific 
availability of vein wall when stomata are bigger (i.e. less dense). Since for the same total 
pore area smaller stomata were found to conduct more water because of the shorter 
diffusion path length through their depth from surface (Franks and Beerling 2009), the 
greater value for DC
-1
 for bigger stomata seems to act as a compensative supply for this 
latter configuration towards conductivity. 
 
Figure 17 Unit lenght of loop contour per stoma (DC
-1
, mm/#) against stomata density (D, #/mm
2
) for 
the measured species. A power-law line y=1.3801x-
0.554
 was added to fit the data (p<0.0001). 
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Finally, stomata average minimum distance to veins dv informs in a rigorous 
fashion of the minimum length of the hydraulic path water delivers through the mesophyll 
cell walls, what is likely a limiting factor of water transport in leaves  (Brodribb, Feild, 
and Jordan 2007). 
 
The examinated species exibit different average values for DL, DC and dv, 
nonetheless a number of common patterns about mutual spatial arrangement of stomata 
and veins emerged from data elaborations.  
Stomata density and stomata distribution 
Stomata density was almost uniform among different sampling areas on leaves, as 
resulted from performed analysis of variance. The modest difference in stomata density 
difference, yet limitated on about a 10% of variability in few species, seemed to be related 
more to environmental punctual incidenting factors during leaf expansion than to real 
density modulation across the surface, since no spatial pattern could be recognized.   
 
Meanwhile, stomata number within loops was found to be isometrically related to 
loop area and contour for both angiosperms and the gymnosperm species. Thus, stomata 
seem to be placed on leaf surface following the most trivial of criteria:  the duble the leaf 
area, the double the stomata present and (less intuitively) the double of contour length.  
The highly significative linear relationships found between the number of stomata 
within a loop and both loop area and loop contour for all the dataset species, proved the 
reliability on DL and DC average values for each species, being DL and DC the coefficient 
value of linear models.  
 
Highly explicative content of regression analysis between stomata number and 
loop size (r
2
=80-99%) also confirmed our interpretation of stomata dispersed density 
values being negligible while comparing different samples.  
If a difference does exist in density while comparing few values within small 
sampling areas, it is smoothed when considering more analysis points.  To clarify this 
concept, a representation of stomata on a sample of L.nobilis leaf was done using 
Thiessen polygons to delimitate each stoma domain surface inside a loop (Figure 18). 
Areas represented in dark red are smaller than light-coloured ones, so loop showing a 
dark coloration contain more stomata than the others: occasionally a loop can be 
measured more stomata than some others, but complexively no pattern in stomata density 
can be argued and an average value for stomata density can be adquired safely. 
 
Stomata isodensity maps reported in literature approach stomata distribution 
analysis by interpolating the number of stomata present in the cells of a grid of fixed 
dimension (Locosselli and Ceccantini 2012; Poolet et al. 2000; Smith, Weyers, and Berry 
1989) and use to show stomata density to vary among different part of the leaf. However 
these works do not accout for vein surface occupation and extimate stomata density from 
the number content in fixed dimension cells of a regular grid: stomata density so 
calculated is obviously dependent of the arbitrarily chosen grid dimension. 
Stomata density doesn’t explain itself stomata distribution above leaf surface.  
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Stomata are known from literature to be one cell spaced (Larkin et al. 1997), 
randomly distributed ( Beyschlag and Eckstein 2001) and not present above major veins 
(Croxdale 2000). Previous works attested the distinction between regular and random 
pattern using nearest neighbour distance (Croxdale 2000) or geostatistical interpolators 
(Martins et al. 2011).   
 
 
 
Figure 18 Representation of Thiessen polygons centered on stomata. Stomata domains are coloured 
with 5 class colours, smallest areas in dark red. Species: L.nobilis 
 
Stomata distribution was indagated for a subsample of species characterized by 
different D and different type of venations using Point Pattern Analysis tecnique. The 
question was addressed by masking the part of the leaf were stomata weren’t placed (ie 
the space occupied by the veins).  
 
My results partially confirmed previous studies: stomata resulted overdispersed for 
a distance proximal to 1-5 times the average length of each species stomata, moderately 
clustered in some species for intermediate distances and then randomly distributed at 
increasing distances until the average dimension of loops.  
 
The distance d* at what each species shifted from clumped to other kind of 
distribution was demonstrated to be a spacing distance for stomata of each species (i.e. d* 
was found to be proportional to 1/radq(DL), see Figure 19 for a circle of radious d* 
plotted on stomata microscope image for the same species). 
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Figure 19  Circle of radius equal to estimated d* traced as a blue circle on stomata microscope image 
for L.nobilis. 
 
Stomata clustering has been extensively studied over the last 15 years from the 
point of view of genes and transcription factors regulating the fate of protodrmal cells 
during stomatal differentiation ( Geisler, Nadeau, and Sack 2000; Bergmann and Sack 
2007). At the scale of individual, stomatal clutering was found to be environmentally 
responsive to stress (Gan et al. 2010) or the result to adaptive transformation to particular 
environment conditions (Larkin et al. 1997) or plant habits (e.g. leaf movement 
interacting with stomatal distribution and density, Hernández and Arambarri 2010). As 
none of these situations apply to the studied species, it seems likely that clustered patterns 
relate to minor veins bundle sheets extensions typical of heterobaric species 
(Nikolopoulos et al. 2002).  
For increasing distance (i.e. distances proximal to the radious of the average areole 
for each species) once again the optimal solution adopted by angiosperms is the most 
elementary: stomata appeared to be random placed on the leaf surface. 
Average distance stomata to vein   
Despite resistance outside venations has been extimated to account up to the 88% 
of whole leaf resistance (Cochard, Nardini, and Coll 2004), only few studies addressed 
their attention to the  length of the path water has to deliver outside veins before reaching 
the atmosphere. Proposed extimations deduced  path length as as the inverse of vein 
density (Brodribb, Feild, and Jordan 2007; Brodribb, Feild, and Sack 2010) or measured 
the distance from the nodes of the linearized vein network to the center of each areole 
(Price, Wing, and Weitz 2012). Brodribb et al. (2007)  found a strong correlation between 
the proximity of veins to evaporative sites with the photosynthetic capacity of leaves. 
 
The dv defined in this work was a rigorous and direct measurement of the 
minimum distance from evaporating sites to the nearest vein for all the stomata present in 
an area. As veins were considered with their own width and measurements are taken from 
vein wall interface with lamina, no bias related to vein width was introduced in measured 
distance.  
For 23 over 33 species analized dv (defined as the average value for a loop of the 
minimum distance from each stoma within the loop to the nearest vein wall) had no 
relationship or show a weak positive correlation with loop area, that means average 
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distance from vein walls to evaporative sites can be thought to be independent from loops 
growing size.  
 
An active expansion mechanism can be argued to underlie these species 
behaviour: during leaf expansion, a signal of producing new leaf tissue is likely to be 
given when a threshold distance between stomata and veins is reached, resulting in the 
distance of veins to evaporative sites to be indipendent from loop sizing (see schematic 
representation in Figure 20.  
In contrast with leaf venation hypothesis (Aloni 2004), Dimitrov hypothesized a 
mechanism for new venation to be created when a signal of lack of resources is produced 
by some cell  during leaf expansion is the consequence of a constant rate production of 
auxin in every cell (Dimitrov and Zucker 2006).  
Complementarily, a synthetic model for vein hierarchical development recently 
proposed  stated the input of procambial strands for a vein order to be limited by the need 
to maintain a critical cell number or distance between new strands (Sack et al. 2012).  
 
 
 
 
Figure 20 Schematic representation of active leaf expansion mechanism: new conducting tissue is 
produced when distance from veins to evaporating sites reaches a threshold value. 
 
The other 10 species showed a positive correlation between dv and loop size. 
 
S.halepense and Bambusa species have typical monocots vein patterns, with 
longitudinal parallel primary and secondary veins connected by transverse bundles (Kono 
and Nakata 1982), forming a reticulate pattern at the level of the smallest order of 
venation (Nelson and Dengler 1997). Major veins are known to dominate longitudinal 
transport, while transverse veins distribute water to the mesophyll (Sack, Streeter, and 
Holbrook 2004; Canny 1990). For these species total dv was found to increase with loop 
dimension (r
2
=0.18-0.2); differentely dv can be found to be a constant value if the analysis 
is repeated excluding transverse bundles (Figure 13). For them, dv values were conform to 
half the average distance between longitudinal veins, probably due to a different 
expansion process of those species. 
A different leaf expansion mechanism can be hypothesized for species showing a 
weak (r
2
<0.1) relationship or not statistically significative (p>0.05) between dv and loop 
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contour: during expansion different tissues grow isometrically and so does the distance 
from veins to evaporative sites (see schematic representation in Figure 21) 
 
 
 
Figure 21 Schematic representation of passive leaf expansion mechanism: isometrical increase in 
distance from veins to evaporating sites according with leaf expansion rate. 
 
A combination of both expansion mechanisms is likely to regulate leaf growth for 
the remaining three species showing increasing dv both with loop area and perimeter.  
Loop sizing and veinlets role 
Loop size was found to be uniform for all the studied species across different 
sampling positions on leaves. Since only mature leaves were studied this result doesn’t 
exclude the eventuality of a distal to proximal gradient in loop shape during leaf 
expansion as reported in literature. (Rolland-lagan, Amin, and Malgosia Pakulska 2009). 
Resilience to damage caused by pathogens, predators and elements has been 
pointed as a major reason for loops presence in leaf venation, as network redundancy 
permits flow to bypass any injuried vein (Katifori, Szöllősi, and Magnasco 2010). Minor 
veins usually forming loops were also observed to ensure water transport distally from an 
injuried point in severed leaves, while having a modest task on transport in intact leaves 
(Hüve et al. 2002).  
By seeing loop dimension as a proxy inverse measurement of network robustness 
(Blonder et al. 2011), a gradient in loop size could be expected distally from near the 
stem: a injury occurring in the stem proximity should effect resource availability for cells 
within a greater leaf surface than an injury occurring near the leaf distal margin. Since no 
significative variation in size among loops taken on different position on the leaf was 
found within the dataset species, a side explaination for highly reduntant reticulation of 
angiosperms is proposed. While conferring robustness to the delivery system, highly 
reticulated angiosperms vein patterns are likely to be the most effective structure to 
control (i.e. keep limited) the distance length from veins to evaporative sites. 
 
Higher minor vein density role in increasing leaf conductivity by shortening the 
mesophyll water paths was experimentally recognised ((McKown, Cochard, and Sack 
2010; Sack et al. 2008). Veinlets can be defined as the highest order of veins, left open 
ending and completely enclosed within areoles. Veinlets presence in loops is reported in 
literature to increase during leaf successive developmental stages (Slade 1959).  
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Compiled value of loop without veinlet were observed to have half the dimension of loop 
with veinlets within (Korn 1993).  
In agreement with the active mechanism of vein formation hypothesys introduced 
in previous paragraph, and with literature data, veinlets were verified to occour with 
increasing loop size for all the studied species.  
Veinlets effect on minimizing water path through the mesophyll was studied by 
cutting the veinlets from vectorial representation of vein architecture of 7 species 
characterized by high veinlet presence. The average distance from veins to stomata was 
calculated both for the real and the edited pattern. Since dv was found to be independent 
from loop size for real patterns and increasing parabolically with loop size in absence of 
veinlets, their role in confining water path length outside veins results demonstrated. 
Conclusions 
A dataset of 32 angiosperms phylogenetically disparate was investigated in this 
study together with a gymnosperm species. Two angiosperm species presented the typical 
vein architecture of monocots (parallelinervia).  
Aim of the work was to find common patters of mutual stomata and vein network 
arrangements among different species.  
An approach based on image editing and georeferencing tools was developed to 
extract data from microscope images of both veins and stomata for the studied species. 
Three new functional traits measurements were introduced (stomata number per leaf 
lamina DC, stomata number per contour length DL and average stomata-to-vein distance 
dv). 
Althoug the examinated species exibit a range of average values for DL, DC and dv, 
a number of common patterns about mutual spatial arrangement of stomata and veins 
emerged. Uniformity was ubiquous in measured traits.  
Stomata number within loops was found to be rigorously correlated to loop 
geometry (area and contour) in an isometric fashion for all the studied species. Point 
Pattern Analysis technique was applied to define stomata distribution. Stomata were 
found to be regularly spaced at distances proximal to stomata length and random 
distributed for greater distances. The minimum distance between two stomata was related 
with the inverse of the root stomata density. Stomata of some species presented a cluster 
distribution at intermediate scale length, likely as a consequence of bundle sheaths 
extension of veins of homobaric species. Both stomata density and loop size were 
uniform on the leaf surface. Minimum distance from stomata to vein wall was found to be 
in average indipendent from increasing loop size for almost all the species. Coherently 
with a hypothesys of new vein formation when a threshold distance from stomata to veins 
is reached, veinlets were found to occour more on bigger loop in all species and their role 
in keeping dv limited was demonstrated.  
 
Thus, angiosperms species seem to have evolved the most strightforward system 
to successfully deliver water outside the plant, guarantireeing a uniform spatial relation 
between conducting tissue and evaporating sites all over their leaf surface. 
 
 
  
 
Transport efficiency through uniformity 
 
63 
 
References 
Aloni, Roni. 2004. “The Induction of Vascular Tissues by Auxin.” In Plant Hormones: 
Biosynthesis, Signal Transduction, Action!, ed. Peter J Davies, 471–492. 3rd ed. 
Kluwer Academic Publishers. 
Altus, D P, and M J Canny. 1985. “Water Pathways in Wheat Leaves. I. The Division of 
Fluxes Between Different Vein Types.” Australian Journal of Plant Physiology 12 
(1972): 173–81. 
Banavar, J R, A Maritan, and A Rinaldo. 1999. “Size and Form in Efficient 
Transportation Networks.” Nature 399 (6732) (May 13): 130–2. doi:10.1038/20144. 
http://www.ncbi.nlm.nih.gov/pubmed/10335841. 
Bergmann, Dominique C, and Fred D Sack. 2007. “Stomatal Development.” Annual 
Review of Plant Biology 58 (January): 163–81. 
doi:10.1146/annurev.arplant.58.032806.104023. 
http://www.ncbi.nlm.nih.gov/pubmed/17201685. 
Beyschlag, Wolfram, and Jürgen Eckstein. 2001. “Towards a Causal Analysis of Stomatal 
Patchiness : the Role of Stomatal Size Variability and Hydrological Heterogeneity.” 
Acta Oecologica 22: 161–173. 
Blonder, Benjamin, Cyrille Violle, Lisa P Bentley, and Brian J Enquist. 2011. “Venation 
Networks and the Origin of the Leaf Economics Spectrum.” Ecology Letters 14: 91–
100. doi:10.1111/j.1461-0248.2010.01554.x. 
Boyce, C Kevin. 2005. “Patterns of Segregation and Convergence in the Evolution of 
Fern and Seed Plant Leaf Morphologies.” Paleobiology 31 (1): 117–140. 
Boyce, C Kevin. 2009. “Seeing the Forest with the Leaves – Clues to Canopy Placement 
from Leaf Fossil Size and Venation Characteristics.” Geobiology 7: 192– 199. 
doi:10.1111/j.1472-4669.2008.00176.x. 
Brodribb, Timothy J., Taylor S Feild, and Gregory J Jordan. 2007. “Leaf Maximum 
Photosynthetic Rate and Venation Are Linked by Hydraulics.” Plant Physiology 144 
(August 2007): 1890–1898. doi:10.1104/pp.107.101352. 
Brodribb, Timothy J., Taylor S. Feild, and Lawren Sack. 2010. “Viewing Leaf Structure 
and Evolution from a Hydraulic Perspective.” Functional Plant Biology 37 (6): 488. 
doi:10.1071/FP10010. http://www.publish.csiro.au/?paper=FP10010. 
Brodribb, Timothy J., and N Michele Holbrook. 2004. “Stomatal Protection Against 
Failure: A Comparison of Coexisting Ferns and Angiosperms.” New Phytologist 162 
(3): 663–670. doi:10.1111/j.1469-8137.2004.01060.x. 
  
 
Chapter 3 
64 
Brodribb, Timothy J., N Michele Holbrook, Maciej a Zwieniecki, and Beatriz Palma. 
2005. “Leaf Hydraulic Capacity in Ferns, Conifers and Angiosperms: Impacts on 
Photosynthetic Maxima.” The New Phytologist 165 (3) (March): 839–46. 
doi:10.1111/j.1469-8137.2004.01259.x. 
http://www.ncbi.nlm.nih.gov/pubmed/15720695. 
Brodribb, Timothy J., and Scott A M McAdam. 2011a. “Passive Origins of Stomatal 
Control in Vascular Plants.” Science 331 (4 february 2011): 582–85. 
doi:10.1126/science.1197985. 
Canny, M J. 1990. “Fine Veins of Dicotyledon Leaves as Sites for Enrichment of Solutes 
of the Xylem Sap.” New Phytologist 115 (3): 511–516. 
Cochard, Herve, A Nardini, and L Coll. 2004. “Hydraulic Architecture of Leaf Blades : 
Where Is the Main Resistance ?” Plant, Cell & Environment 27: 1257–1267. 
Coomes, David a., Steven Heathcote, Elinor R Godfrey, James J Shepherd, and Lawren 
Sack. 2008. “Scaling of Xylem Vessels and Veins Within the Leaves of Oak 
Species.” Biology Letters 4 (3) (June 23): 302–6. doi:10.1098/rsbl.2008.0094. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2610058&tool=pmcentre
z&rendertype=abstract. 
Corson, Francis. 2010. “Fluctuations and Redundancy in Optimal Transport Networks.” 
Physical Review Letters 104 (4) (January): 1–4. 
doi:10.1103/PhysRevLett.104.048703. 
http://link.aps.org/doi/10.1103/PhysRevLett.104.048703. 
Crawley, Michael J. 2007. The R Book. 1st ed. 
Croxdale, Judith L. 2000. “STOMATAL PATTERNING IN ANGIOSPERMS.” 
American Journal of Botany 87 (8): 1069–1080. 
Dannenhoffer, Joanne M, Wesley Ebert, Ray F Evert, and Gerdien de Jong. 1990. “LEAF 
VASCULATURE IN BARLEY, HORDEUM VULGARE.” American Journal of 
Botany 77 (5): 636–652. 
Dimitrov, Pavel, and Steven W Zucker. 2006. “A Constant Production Hypothesis Guides 
Leaf Venation Patterning.” Proceedings of the National Academy of Sciences of the 
United States of America 103 (24) (June 13): 9363–8. doi:10.1073/pnas.0603559103. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1474015&tool=pmcentre
z&rendertype=abstract. 
Gan, Yi, Lei Zhou, Zhong-ji Shen, Zhu-xia Shen, Yi-qiong Zhang, and Gen-xuan Wang. 
2010. “Stomatal Clustering , a New Marker for Environmental Perception and 
Adaptation in Terrestrial Plants.” Botanical Studies 51: 325–336. 
  
 
Transport efficiency through uniformity 
 
65 
 
Geisler, Matt, Jeanette Nadeau, and Fred D Sack. 2000. “Oriented Asymmetric Divisions 
That Generate the Stomatal Spacing Pattern in Arabidopsis Are Disrupted by the 
Too Many Mouths Mutation.” The Plant Cell 12 (November): 2075–2086. 
Hernández, Marcelo P:, and Ana M. Arambarri. 2010. “Stomatal Distribution, Stomatal 
Density and Daily Leaf Movement in Acacia Aroma ( Leguminosae ).” Bol. Soc. 
Argent. Bot 45 (1900): 273–284. 
Hüve, K, R Remus, D Lüttschwager, and W Merbach. 2002. “Water Transport in 
Impaired Leaf Vein Systems.” Plant Biology 4 (3): 603–611. 
Katifori, Eleni, and Marcelo Magnasco. 2012. “Quantifying Loopy Network 
Architectures.” PLoS ONE 7 (6). 
Katifori, Eleni, Gergely J. Szöllősi, and Marcelo O. Magnasco. 2010. “Damage and 
Fluctuations Induce Loops in Optimal Transport Networks.” Physical Review Letters 
104 (4) (January): 1–4. doi:10.1103/PhysRevLett.104.048704. 
http://link.aps.org/doi/10.1103/PhysRevLett.104.048704. 
Kono, Yasuhiro:, and Kozo Nakata. 1982. “Observations of Cross Veins of the Second 
Foliage Leaf Blade in the Rice Plant by Use of a Revised Method for Clearing 
Leaves.” Japanese Journal of Crop Sciences 51 (4): 445–454. 
Korn, Robert W. 1993. “Evidence in Dicots for Stomatal Patterning by Inhibition.” 
International Journal of Plant Sciences 154 (3): 367–377. 
Larkin, J C, M D Marks, J Nadeau, and F Sack. 1997. “Epidermal Cell Fate and 
Patterning in Leaves.” The Plant Cell 9 (7) (July): 1109–20. 
doi:10.1105/tpc.9.7.1109. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=156984&tool=pmcentrez
&rendertype=abstract. 
Locosselli, Giuliano Maselli, and Gregório Ceccantini. 2012. “Plasticity of Stomatal 
Distribution Pattern and Stem Tracheid Dimensions in Podocarpus Lambertii: An 
Ecological Study.” Annals of Botany 110 (5) (October): 1057–66. 
doi:10.1093/aob/mcs179. http://www.ncbi.nlm.nih.gov/pubmed/22875814. 
Martins, Giordane Augusto, Angela Maria Soares, João Paulo Rodrigues Alves Delfino 
Barbosa, José Marcio Mello, Evaristo Mauro Castro, and Antonio Carlos Ferraz. 
2011. “Stomatal Density Distribution Patterns in Leaves of the Jatobá (Hymenaea 
Courbaril L.).” Trees 26 (2) (September 28): 571–579. doi:10.1007/s00468-011-
0620-4. http://www.springerlink.com/index/10.1007/s00468-011-0620-4. 
McElwain, Jennifer C. 2011. “Ferns: a Xylem Success Story.” The New Phytologist 192 
(2) (October): 307–10. doi:10.1111/j.1469-8137.2011.03865.x. 
http://www.ncbi.nlm.nih.gov/pubmed/21950333. 
  
 
Chapter 3 
66 
McKown, Athena D, Herve Cochard, and Lawren Sack. 2010. “Decoding Leaf 
Hydraulics with a Spatially Explicit Model: Principles of Venation Architecture and 
Implications for Its Evolution.” The American Naturalist 175 (4) (April): 447–60. 
doi:10.1086/650721. http://www.ncbi.nlm.nih.gov/pubmed/20178410. 
Mileyko, Yuriy, Herbert Edelsbrunner, Charles a. Price, and Joshua S Weitz. 2012. 
“Hierarchical Ordering of Reticular Networks.” PLoS ONE 7 (6). 
Mott, Keith A, and David Peak. 2007. “Stomatal Patchiness and Task-performing 
Networks.” Annals of Botany 99: 219–226. doi:10.1093/aob/mcl234. 
Nelson, T., and N. Dengler. 1997. “Leaf Vascular Pattern Formation.” The Plant Cell 9 
(7) (July): 1121–1135. doi:10.1105/tpc.9.7.1121. 
http://www.ncbi.nlm.nih.gov/pubmed/16887150. 
Nikolopoulos, Dimosthenis, Georgios Liakopoulos, Ioannis Drossopoulos, and George 
Karabourniotis. 2002. “The Relationship Between Anatomy and Photosynthetic 
Performance of Heterobaric Leaves.” Plant Physiology 129 (May): 235–243. 
doi:10.1104/pp.010943.Heterobaric. 
Poolet, I, Tracy Lawson, J D B Weyers, and J A Raven. 2000. “Effect of Elevated CO2 
on the Stomatal Distribution and Leaf Physiology of Alnus Glutinosa.” New 
Phytologist 145 (3): 511–521. 
Price, Charles a., Scott L Wing, and Joshua S Weitz. 2012. “Scaling and Structure of 
Dicotyledonous Leaf Venation Networks.” Ecology Letters 15 (2) (February): 87–
95. doi:10.1111/j.1461-0248.2011.01712.x. 
http://www.ncbi.nlm.nih.gov/pubmed/22093803. 
Ripley, By B D. 1977. “Modelling Spatial Patterns.” Journal of the Royal Statistical 
Society. Sries B (Methodological) 39 (2): 172–212. 
Rolland-lagan, Anne-gaelle, Mira Amin, and Malgosia Pakulska. 2009. “Quantifying 
Leaf Venation Patterns : Two-dimensional Maps.” The Plant Journal 57: 195–205. 
doi:10.1111/j.1365-313X.2008.03678.x. 
Roth-Nebelsick, a. 2001. “Evolution and Function of Leaf Venation Architecture: A 
Review.” Annals of Botany 87 (5) (May): 553–566. doi:10.1006/anbo.2001.1391. 
http://linkinghub.elsevier.com/retrieve/doi/10.1006/anbo.2001.1391. 
Sack, Lawren, and N Michele Holbrook. 2006. “Leaf Hydraulics.” Annual Review of 
Plant Biology 57 (January): 361–81. 
doi:10.1146/annurev.arplant.56.032604.144141. 
http://www.ncbi.nlm.nih.gov/pubmed/16669766. 
  
 
Transport efficiency through uniformity 
 
67 
 
Sack, Lawren, Christopher M Streeter, and N Michele Holbrook. 2004. “Hydraulic 
Analysis of Water Flow Through Leaves of Sugar Maple and Red Oak.” Plant 
Physiology 134 (April): 1824–1833. doi:10.1104/pp.103.031203.1824. 
Slade, Brenda F. 1959. “THE MODE OF ORIGIN OF VEIN-ENDINGS IN THE LEAF 
OF LIRIODENDRON TULIPIFERA L .” New Phytologist 58 (3): 299–305. 
Smith, S, J D B Weyers, and W G Berry. 1989. “Variation in Stomatal Characteristics 
over the Lower Surface of Commelina Communis Leaves.” Plant, Cell & 
Environment 12: 653–659. 
Terashima, Ichiro. 1992. “Anatomy of Non-uniform Leaf Photosynthesis.” 
Photosynthesis Research 31 (3) (March): 195–212. doi:10.1007/BF00035537. 
http://www.springerlink.com/index/10.1007/BF00035537. 
Ueno, Osamu, Yukiko Kawano, Masataka Wakayama, and Tomoshiro Takeda. 2006. 
“Leaf Vascular Systems in C(3) and C(4) Grasses: a Two-dimensional Analysis.” 
Annals of Botany 97 (4) (April): 611–21. doi:10.1093/aob/mcl010. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2803656&tool=pmcentre
z&rendertype=abstract. 
Warton, David I, Ian J Wright, Daniel S Falster, and Mark Westoby. 2006. “Bivariate 
Line-fitting Methods for Allometry.” Biological Reviews of the Cambridge 
Philosophical Society 81 (2) (May): 259–91. doi:10.1017/S1464793106007007. 
http://www.ncbi.nlm.nih.gov/pubmed/16573844. 
Wiegand, Thorsten, and Kirk A Moloney. 2004. “Rings , Circles , and Null-models for 
Point Pattern Analysis in Ecology.” OIKOS 2 (August 2003): 209–229. 
 
 
 
 
  
 
Chapter 3 
68 
  
 
 
 
 
 
Chapter 4 
 
 
Mutual spatial arrangements of vein  
and stomata patterns in ferns 
Abstract 
Ferns are the direct ancestors of angiosperm plants. They share with angiosperms 
a vascular transport system and specialized evaporative sites, although stomata aperture is 
passively regulated by cell turgor (McAdam and Brodribb 2012). Literature works show a 
low photosynthetic rate for fern compared to angiosperms (Brodribb et al. 2005) and, 
through leaf conductance to water vapour, indicate in fern low vein density a key factor of 
their low evaporative performances (Boyce et al. 2009). 
Aim of this work was to characterize the mutual spatial arrangement among 
stomata and veins in ferns in order to find spatial clues of their low efficiency. A dataset 
of 8 species both with reticulated and simple-branched vein architecture was analysed 
within a geostatistical framework. Portions of lamina delimitated by veins and leaf 
margins of branching species were assumed to be equivalent to loops of reticulated 
species. As in angiosperms, isometric relationships were found between the number of 
stomata present in a portion of lamina and the characteristic traits of lamina portions 
(area, vein contour). Unlike angiosperms, stomata density was heterogeneous on the leaf 
surface and the average distance from veins to evaporative sites was found to be 
dependent on the geometry of lamina portions in 7 over 8 species, with a higher 
significative relationship for branching architecture.  
Ferns were so demonstrated to have a lesser degree of spatial coordination 
between stomata and vein architecture than angiosperms, coherently with their lower 
hydraulic efficiency. 
 
Introduction  
Among extant vascular plants, 255.247 diverse species of angiosperms are known, 
face to 11.380 fern and 831 gymnosperm species (McElwain, 2011): in the competition 
for supremacy seed plants are currently overcoming.  
 
Seed plants became dominant in the world flora during the Permian (310-280 
Mya, Willis, 2002), due to their highest productivity among competing groups of  plants. 
An origin for the highest photosynthetic capacity of angiosperms has been pointed in a 
rapid increase of their vein density during Mid to Late Cretaceous (Brodribb and Feild 
2010). Aside, paleoecological studies show that ferns continued to have an important role 
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in terrestrial ecosystems for about 30 million yr after the evolution of first seed plants, in 
the late Devonian, about 380 Mya (McElwain 2011).  
Ferns leaves play a dual task in both photosynthesis and reproduction (Boyce 
2005), while they share with angiosperms a vascular system and, as forerunners in plant 
evolution, stomata actively involved in the CO2 uptake (Brodribb and Holbrook 2004).  
 
Despite representing the modest and often left-behind ancestor of angiosperms, 
ferns still persist and conserve a ten-fold higher diversity than gymnosperms do.  
Ideally, by studying the characteristics of water transport and water stransport 
adhibited structures in ferns, clues to reconstruct the evolutive path that led to angiosperm 
supremacy might be identified.  
 
Previous work addressed the water transport in ferns by considering the 
interconnected functioning of xylems and stomata (Sperry 2004). A  likely lesser degree 
of coordination between xylems and stomata in ferns compared to angiosperms led to 
contradictory results in fern hydraulic characterization (McElwain 2011). On one side 
fern capacity to maintain xylem function under drought stress was found to be  
comparable with that of conifers (Pittermann et al. 2011). On the other hand, cohabiting 
ferns and angiosperms showed opposite strategy of stomata control: in desiccating 
conditions fern were found to be much more conservative because they closed completely 
their stomata 0.3-0.8 MPa before the 50% loss of Kle (Brodribb and Feild 2010). This last 
finding could be significative of a fern lesser capacity to actively control water losses. 
With regard to leaf traits, fern stomata are not able to optimise water use under 
changing light conditions (McAdam and Brodribb 2012) and stomata aperture has been 
demonstrated to be passively regulated by cell turgor rather than by ABA phytormone 
levels (Brodribb and McAdam 2011b; Brodribb and McAdam 2011a), although this fact 
is controverse (Ruszala et al. 2011). 
Angiosperm leaves possess a highly branched architecture of reticulated veins 
(Zwieniecki et al. 2002) while ferns vein patterns use to be simply branched or 
occasionally reticulated (Brodribb and Holbrook 2004).  
Angiosperms average vein densitiy is reported to be around 8 mm/mm
2
 and can 
reach 25 mm/mm
2
, while the maximum value for ferns gets 4.4-5.6 mm/mm
2
 in 
Dipteridacea ferns (Boyce et al. 2009; Melville 1969). Mesophyll hydraulic path lenght 
was modeled to be correlated with the inverse of vein density: this measurement was 
found to influence leaf conductivity and thus the maximum photosyntetic rate of different 
groups of plants (Brodribb, Feild, and Sack 2010; Brodribb, Feild, and Jordan 2007).  
In fact, measured leaves hydraulic conductance, positively correlated with 
photosynthetic capacity, for ferns was uniformely lesser than for angiosperms (5.9-11.4 
mmol m
-1
s
-1
MPa
-1
 vs 3.9-36 mmol m
-1
s
-1
MPa
-1
) (Brodribb et al. 2005). 
Alongside measurements on fern conductivity and photosynthetic capacity and on 
hydraulics coordination between the supply system represented by xylems and the 
structures adhibited to water loss, there’s a lack of work considering the integrated 
transport system constituted of vein architecture and stomata on fern leaves.  
Aim of this work was to characterize the mutual spatial arrangement among 
stomata and veins in ferns in order to find spatial clues of their low efficiency compared 
to seed plants. 
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Materials and methods 
Dataset 
8 fern species phylogenetically disparate (see Figure 23) were chosen to test 
whether general spatial relationships between stomata and vein patterns are present in 
ferns. 
The choice of these species was made in order to cover all the range of vein patterns 
typologies that are usually seen in ferns. Four of the selected species present a simple 
branching (Dicksonia Antarctica, Pteris cretica, and Todea barbara) or bifourcating 
(Blechnum nudum) vein architecture. M. hirsuta is a semi-aquatic amphistomatic fern 
with leaflets like a four-leaf clover; its veins expand from the rachis insertion, bifurcate 
and join near the leaflet margin. Soft tree fern D.antartica is a characteristic understorey  
arboreal species of rainforest communities in south-eastern Australia and Tasmania (Hunt 
et al. 2002). 
 Three reticulate vein species were selected for having broad anastomoses 
(Pyrrosia lingua, Microsorum pustulatum) or a complex hierarchical structure (Dipteris 
conjugata) composed of more than three different vein orders. Dipteris conjugata is also 
known to have one of the highest vein density among fern, comparable with some 
angiosperm species (Boyce et al. 2009; Melville 1969). 
A Dicksonia antartica mature frond was collected in Hobart neighbourhood, 
Tasmania, and some Dipteris conjugata leaves in New Caledonia rainforest. The other 
seven species were sampled from individuals grown inside the glasshouses of the Plant 
Science Department of University of Tasmania in Hobart, Australia.   
A summary of the characteristics of the studied species is shown in Table 3. 
 
Species Family origin vein type 
Blechnum nudum Blechnacee Australia  open 
Dicksonia antartica Dicksoniacee Australia open 
Dipteris conjugata  Dipteridacee 
Taiwan, Indonesia, 
Malaysia, 
Philippines, New 
Caledonia, 
Australia 
reticulate 
Marsilea hirsuta Marsiliacee Australia branching 
Mycrosorum pustulatum Polypodiacee 
New Zeland 
Australia, 
Tasmania 
reticulate 
Pteris cretica Pteridacee Creta open 
Pyrrosia lingua Polypodiacee Taiwan, Japan reticulate 
Todea barbara Osmundacee 
Australia, New 
Zeland, South 
Africa 
open 
 
Table 3 Species, family and vein type for the 8 fern species here studied  
Sampling and sample preparation 
All field and laboratory work was undertaken in the Paleobotanic Lab of the Plant 
Science Department of the University of Tasmania.  
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Three samples were taken in a proximal, median and distal position on the leaf on 
broadleaf fern species (Pyrrosia lingua, Mycrosorum pustulatum, Dipteris conjugata).  
In order to make a comparison possible among leaves being morphologically 
different, the same sampling criterion was applied to species showing a fractal expansion 
with primary and secondary pinnae.  
In Pteris cretica pinna length is comparable with the whole frond length, so three 
samples were taken along both a distal and a proximal leaflet. As Marsilea hirsuta leaf 
lenght is comparable with a usual sample length on other ferns, a whole leaflet was 
sampled. Todea Barbara and Blechnum nudum samples were taken on a terminal, middle 
and proximal pinna.  
Each pinna was sampled in two or three different position according to its length. 
A mature 2,8 m length frond of Dicksonia antartica was divided in 7 pieces of 40 cm 
each one along the rachis. Three pinnae were chosen from respectively 1
st
, 4
th
 and 7
th
 
rachis piece and three samples were taken from 1
st
 and 7
th 
one; as the chosen primary 
median pinna presented secondary pinnae, a median and a proximal secondary pinna were 
sampled with three pinnulae each one (for schematic of frond parts see Figure 22).  
 
Figure 22 Frond of Dicksonia antartica indicating the nomenclature of parts.  
Reproduced from: Hunt, 2002 
 
Each species frond was scanned at 300 dpi to recorder sample position.  
Samples size varied for each species. As branched leaflet structure of treelike vein 
fern species is made of a secondary vein element repeated along the midrib, samples size 
depended on the minimum microscope magnification necessary to see clearly stomata: 
from a whole pinnula at about 10x for D.antarctica to 100 mm
2
 surface for B. nudum at 
4x. For reticulated leaves, sample dimension was chosen in order that almost 10 loops 
were detectable on each sample: from approx. 30 mm
2
 for D.conjugata to approx. 2000 
mm
2
 for P.lingua.  
 
Stomata imprints of each sample was taken using transparent nail varnish, except 
for M. hirsuta, whose lamina tissue was so thin and fragile that the imprint method was 
not applicable.  
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Samples were then placed in commercial household bleach (50 g L-1 sodium 
hypochlorite and 13 g L-1 sodium hydroxide) until clear, rinsed in water and stained with 
1% Crystal Violet stain. P. lingua thick and soft tissues needed an adapted method. 
Adaxial epidermis was removed with a sharp razor; samples were bleached on the hot 
plate at about 30°C and rinsed with pure ethanol before staining. Crystal Violet stain 
highlighted both veins and stomata in M. hirsuta, T. Barbara and D. conjugata samples. 
Stained samples were permanently mounted on glass slides using phenolic jelly 
glycerine as mounting medium. 
 
The surface of each sample was photographed with a Digital Sight DS-L1 camera 
(Melville, NY, USA) mounted on a Leica DM 1000 microscope (Nussloch, Germany).  
Partial microscope images were later combined into a full sample image using Photoshop 
(CS4, Adobe Inc.). For those species whose stomata were not clearly visible on cleared 
leaf surface, stomata imprints samples were photographed and merged as well. 
As M. hirsuta is an amphistomatical species (i.e. stomata are present with 
comparable densities on both sides of the leaf), upper and lower surfaces were both 
photographed by adjusting the microscope focus up and down on the sample. 
Measurements 
Images for each sample were superimposed and their content was converted into 
vectorial features using the procedure described in Chapter 2.  
Georeferencing operation to adjust overlapping was not required for species 
showing bot stomata and veins on the same image. However, vein pattern was extracted 
from these images and saved separately for building the loop shapefile in ArcGIS.  
 
In order to be able to compare reticulate-patterned species with the species 
exhibiting simple branching vein structure, the loop definition as “the smallest lamina 
portion completely enclosed by veins” was extended to “the smallest lamina portion 
completely enclosed by veins and leaf margin”.  
In practice, vein images of tree structured samples were edited and secondary 
veins were extended by hand with a thin line until they cross the leaf margin. 
Reclassification pixel procedure and conversion of reclassified image into a polygon 
shapefile resulted in the leaf lamina being separated into different portions included 
between two secondary parallel veins with a negligible loss of lamina area. Their contour 
was defined to be the length of vein walls interfaced with the lamina portion These 
structures were considered as comparable with loop structures for reticulated species and 
used with the same meaning in further elaborations without differencing the name.  
For reticulated species, only the loops completely enclosed in the study domain 
were considered.  
Examples of both situations are shown in Figure 24 
Measured parameters were: area and perimeter of each loop or partially enclosed 
structure (from now on called simply loop), number of stomata per loop and minimum 
distance from stomata to veins. 
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Figure 23 Phylogeny trees of fern species showing position of the species in this study.  
From: Stevens, P. F. (2001 onwards). Angiosperm Phylogeny Website. Version 12, July 2012   
http://www.mobot.org/MOBOT/research/APweb/ 
 
With the same meaning that for angiosperms, stomata density per lamina DL was 
defined as the ratio of total number of stomata inside a sample and sample surface; 
stomata density per contour length DC was the ratio between the number of stomata inside 
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a loop and loop contour; stomata-to vein mean distance dv was defined as an averaged 
value of the minimum Euclidean distance from stomata to the nearest vein wall calculated 
within each loop. 
 
 
 
Figure 24 Left: a sample of simple branching vein structure showing separated portions of lamina 
considered as loops (in purple) with their vein contour highlighted in magenta; species: D. antartica. 
Loops digitization is showed as superimposed on stomata microscope image (in yellow). 
Right: a sample of a reticulated species showing complete loops (in purple) that were considerated in 
this study and partial portions that were elimianted (in green); species: M.pustulatum. 
 
Statistical analyses 
Stomata density  
An analysis of variance was performed to check for a difference in stomata density 
among samples for each species. Data homoschedasticity was verified with Fligner test on 
data and significance (p<0.05) was tested with nonparametric Kruskal–Wallis test. 
Results were plotted as box-plot with notches (Crawley 2007) for each sample.  
Both the relationship between the number of stomata inside a loop and loop area 
and the relationship between the number of stomata inside a loop and loop contour were 
investigated with a linear regression.  
Statistical analyses on stomata density and relationship between stomata number 
per loop and loop geometry were performed using R.15.1 (R-Core Team, Vienna, Austria, 
2012). 
Average stomata-to-vein distance  
Regression analysis was performed to check for the relationship between average 
minimum stomata-to-vein distance with loop size and loop contour lenght loop size.   
Stomata distribution 
A Point Pattern Analysis was performed with Programita (Wiegand and Moloney 
2004) on the stomata spatial pattern within a sample of each species. An ASCII file 
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exported from georeferenced features in ArcGIS was the input for the analysis; it stored 
different numerical code for cells belonging to stomata, lamina or leaf vein. Cell 
dimension was chosen for each species in order to cover the average dimension of a 
stoma.  As for angiosperms, the univariate pair-correlation function G(r) (Wiegand and 
Moloney 2004) was used to test if real distributions were clumped, regular or random in 
comparaison with 99 Montecarlo simulations of a complete spatial randomness (CSR) 
model.  
Results 
Mean values for DL, DC and dv 
Compiled mean values of DL, DC and dv for the dataset species are shown in Table 
4 together with stomata density per leaf area D.  Measurements are reported as mean ± sd.  
DL range in studied ferns was between a minimum value of 32 ± 7 stomata/mm
2
 
lamina for the abaxial surface of M.hirsuta to 190 ± 26 stomata/mm
2
 lamina of 
D.antartica. DL was higher than D of a factor between 15% and 32% with extreme values 
respectively for P.lingua and D.conjugata, coherently with the fraction of leaf surface 
occupied by veins. 
Amphistomatic M.hirsuta showed a slightly higher density of stomata on the 
upper surface than on the lower one, consistent with its semi-aquatic habit. 
Stomata number per mm of contour length DC varied from a value of 3 ± 1 
stomata/mm for M.hirsuta to 47 ± 12 stomata/mm for D. antartica. No relationship was 
found between measurements of average density and vein pattern to be branched or 
reticulated (p>0.05). 
Average minimum distance from stomata to vein walls were found from a 
minimum value of 0.063 ± 0.012 mm for M.hirsuta to a maximum of 0.241 ± 0.046 mm 
for D.antartica. M.hirsuta showed a greater value of average distance on adaxial surface 
where stomata density was also greater. 
 
Species 
Stomata 
number per 
mm
2 
leaf 
area 
 (mean ± sd) 
D  
Stomata 
number per 
mm
2 
lamina 
area 
 (mean ± sd) 
DL 
Stomata 
number per 
mm length of  
loop contour 
(mean ± sd) 
DC 
Stomata average 
mm minimum 
distance from vein 
 (mean ± sd)  
dv 
Blechnum nudum 62 (± 16) 84 (± 29) 14 (± 3) 0.095 (± 0.033) 
Dicksonia Antarctica 164 (± 23) 190 (± 26) 47 (± 12) 0.149 (± 0.040) 
Dipteris conjugata  110 (± 24) 162 (± 37) 13 (± 4) 0.054 (± 0.011) 
Marsilea hirsuta (ab.) 30 (± 3) 32 (± 7) 3 (± 1) 0.063 (± 0.012) 
Marsilea hirsuta (ad.) 37 (± 3) 39 (± 10) 4 (± 2) 0.068 (± 0.012) 
Microsorum 
pustulatum 
61 (± 19) 69 (± 14) 31 (± 5) 0.068 (± 0.009) 
Pteris cretica 36 (± 10) 49 (± 16) 14 (± 3) 0.194 (± 0.049) 
Pyrrosia lingua 73 (± 22) 74 (± 18) 29 (± 8) 0.241 (± 0.046) 
Todea barbara 44 (± 8) 54 (± 14) 20 (± 5) 0.176 (± 0.044) 
 
Table 4 Compiled data as mean (± sd) for stomata density per loop area DL, stomata density per loop 
length DC and mean distance stomata to vein dv for each species of the dataset 
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Appendix 2 lists details of microscope images, vectorial representation and 
compiled mean values for all species. 
Stomata density among samples 
The exixtance of a variation in stomata density DL among different positions on 
the same leaf or frond was investigated with ANOVA, as explained in the statistical 
methods previous session. 
 Results are presented as box plot with notches for each species in Figure 25. 
Graphically, medians of boxes with overlapping notches are likely to be not 
significatively different (Crawley 2007).  
The test was not performed for M.hirsuta as the whole leaflet was sampled. 
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Figure 25 Box-plot with notches (Crawley 2007) for stomata density among different samples on a 
frond for each species. Overlapping notches mean unlikely differences among samples medians. 
ANOVA (ns p>0.05): Blechnum nudum p<0.0001 (26.42%); Dicksonia antarctica p<0.0001 (13.74%); 
Dipteris conjugata p<0.0001 (21. 6%); Microsorum pustulatum p<0.0001 (30.80%); Pyrrosia lingua 
p<0.0001 (30.82%); Pteris cretica p<0.0001 (28.23%);  Todea barbara p<0.0001 (17.94%). Computed 
coefficient of variation value is shown among brackets for each species. 
 
Difference in stomata density among samples on the same leaf was found to be 
significative for all the species of the dataset (p<0.0001). The entity of the difference 
varied between 14% (for D.antartica) and 31% (for P.lingua). No difference in pattern 
was recognizable between reticulated and branched species. 4 species over 7 showed a 
greater stomata density near the top of the leaf (B.nudum, M.pustulatum, P.lingua and 
T.barbara), while for the others stomata density seemed to vary in the opposite way. 
Relationship between stomata number within a loop and loop area  
The relationship between stomata number within each loop (for reticulated 
species) and inside each lamina portion (for simple branche d species, from now on called 
simply “loop”) was investigated with a linear regression model for each species. Plots are 
shown in Figure 26.  
A significative (p<0.0001) and strong linear relationship was verified to exist 
between the two variables in all cases with r
2
 ranging 0.78-0.97. Model line coefficien 
had the meaning of average DC for each species (i.e. the number of stomata within a loop 
of 1 mm
2
 area); intercept value was not significative (meaning the number of stomata 
within a loop of null area). 
 
  
 
Mutual spatial arrangemets of vein and stomata patterns in ferns 
 
79 
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Figure 26 Relationship between stomata number per loop and loop area. Stomata number per loop is 
plotted with grey circles. Regression model plot is shown in black solid line with the 95% confidence 
intervals and 95% prediction intervals in dashed lines. r
2
 values are also reported on plots. 
Relationship between stomata number within a loop and loop contour 
A highly significative (p<0.0001) and strong linear relationship was verified to 
occour also between stomata number within each loop and loop contour for all the fern 
species. R
2
 ranged 0.8-0.92 Resulted plots with 95% confidence and 95% prediction 
intervals are shown in.Figure 27. 
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Figure 27 Relationship between stomata number per loop and loop contour lenght. Stomata number 
per loop is plotted with grey circles. Regression model plot is shown in black solid line with the 95% 
confidence intervals and 95% prediction intervals in dashed lines. r
2
 values are also shown. 
Relationship between dv and loop geometry (area and contour) 
A linear regression model was used to test the relationship between dv with both 
loop area and loop contour for each fern species. Results are plotted in Figure 28 and in 
Figure 29.  
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The relationship between dv and loop area was found to be highly statistically 
significative (p<0.0001) for all the species except for P.lingua (p>0.05), for what the 
averadge distance from stomata to vein can be assumed as a constant and equal to 0.22 
mm indipendently from the size of loop stomata are within.  
For the other species a positive correlation was found between average distance 
and loop dimension: the bigger the portion of lamina, in average the longer the path for 
water from vein walls to stomata.  
Furthermore, the relationship was highly explicative for simple branched ferns 
(B.nudum, r
2
=0.69; D.antartica, r
2
=0.64, P.cretica, r
2
=0.71, T.barbara, r
2
=0.82) and less 
for the other reticulated species (M.pustulatum, r
2
=0.42, D.conjugata, r
2
=0.13, M.hirsuta 
r
2
=0.5 ab. – 0.67 ad.). The difference in line inclination was verified with a t-test between 
the two groups (p<0.05). Notably, for D.conjugata, whose vein architecture is the most 
similar among ferns to typical angiosperms vein patterns, dv variation with loop area was 
significative but weak. 
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Figure 28 Relationship between dv and loop area. For branching species, the portion of lamina 
between two secondary parallel veins is assumed as a loop. Interpolating line equations y=ax+b 
coefficients: Blechnum nudum a=0.041***, b=0.059***; Dicksonia antarctica a=0.053***, b=0.078***; 
Dipteris conjugata a=0.03***, b=0.04***; Marsilea hirsuta (abaxial) a=0.011***, b=0.05***; Marsilea 
hirsuta (adaxial) a=0.013***, b=0.055***; Microsorum pustulatum a=0.0009***, b=0.057***; Pyrrosia 
lingua a=0.0003, b=0.222***; Pteris cretica a=0.019***, b=0.13***;  Todea barbara a=0.02***, 
b=0.1***.  r
2
 >0.1 values are shown for highly significative relationships. 
(***: p<0.0001; *: p<0.01; . : p<0.1; ns p>0.05) 
 
For 4 species over 8 (B.nudum, D.antartica, M.pustulatum,M.hirsuta T.barbara) 
the relationship between dv and loop contour was found to be significative (p<0.0001) 
and relevant (r
2
=0.2-0.76). For 3 species the linear model fitting was weakly significative 
or significative (0.0001<p<0.05) with r
2
 lower than 0.1. P.lingua dv showed no 
relationship with loop contour. 
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Figure 29 Relationship between dv and loop contour. For branching species, the portion of lamina 
between two secondary parallel veins is assumed as a loop. Interpolating line equations y=ax+b 
coefficients: Blechnum nudum a=0.009***, b=0.056***; Dicksonia antarctica a=0.014***, b=0.074***; 
Dipteris conjugata a=0.001***, b=0.049***; Marsilea hirsuta (abaxial) a=0.001***, b=0.05***; 
Marsilea hirsuta (adaxial) a=0.0018***, b=0.053***; Microsorum pustulatum a=0.0004**, b=0.058***; 
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Pyrrosia lingua a=0.0003, b=0.234***; Pteris cretica a=0.006***, b=0.13***;  Todea barbara 
a=0.01***, b=0.088***.  r
2
 >0.1 values are shown for highly significative relationships. 
(***: p<0.0001; **: p<0.001; *: p<0.01; . : p<0.1; ns p>0.05) 
Overall, dv showed a stronger correlation with loop area than with loop contour for 
all fern species. Only for P.lingua dv could be assumed as a constant with loop geometry. 
Discussion 
Average stomata density was calculated for each species of the dataset.  
Measurement of stomata density per unit of leaf lamina DL, stomata density per 
unit of loop contour DC and average distance stomata-to-vein dv individuated as critical 
parameters for angiosperms were here applied and their relationships with frond 
morphology was investigated.  
 
Stomata density D (defined as the ratio between the number of stomata within an 
area and area extension, number of stomata/mm
2
) was calculated as well. On the one hand 
D for the sampled species covered a range of 30-170 stomata/mm
2
, comparable with 
stomata density values in angiosperms, ranging 20-500 stomata/mm
2
 (Hetherington and 
Woodward 2003). On the other hand, dipteridaceous ferns having the highest vein density 
for ferns (4.4–5.6 mm/mm2) are reported to not reach the average 8mm/mm2 vein density 
seen across eudicot angiosperms (Boyce et al. 2009). Thus, the first difference between 
ferns and angiosperms may likely be that ferns exibit a lower specific length of vein per 
stoma than angiosperms do, or, in other word, in average a lower length of diffusive wall 
is available to supply each evaporative site with water. 
 
Angiosperms emergent highly reticulated vein architecture is known to have 
enabled them to develop multiple orders of veins through which water can be delivered 
uniformly to the sites of evaporation (Zwieniecki et al. 2002) without generating a 
gradient in vein density across the leaf (Brodribb, Feild, and Sack 2010). Vein 
architecture of ferns is usually reported to be simple branching or occasionally reticulated 
(Brodribb et al. 2005), coherentely with the species selected for this study.  
Here, DL was found to vary up to a 30% among samples of each species with 
marked clues of a graduated stomata density both from the top to the bottom in some of 
the species and in the opposite direction for some others. Following the hypothesis that 
plumbing system and evaporative sites must be linked, as they are the endings of leaf 
transport network, the differences found in stomata density are likely to reflect a gradient 
within the distribution network of ferns to realize an efficient transport. The spatial 
heterogeneity of stomata density might reflect some heterogeneity in the distribution of 
hydraulic resistances and be a strategy for  manteining limited the local potential in order 
to avoid cavitation (Nardini et al. 2008; Roth et al. 1995). 
 
Aside of compiled inter-specific average values for DL, DC and dv, general 
relationships among the variables were investigated.  
Both relationships between the number of stomata inside an areole (or portions of 
leaf lamina delimitated by veins, for branching species) with areole extension and vein 
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contour were strongly isometric. Regression line significative coefficients had the same 
meaning of average values of DC and DL for each species.  
Average distance from vein to stomata dv is a measurement of the path of water 
outside veins, where the highest hydraulic resistance seems to occur in leaves (Sack and 
Holbrook 2006).  Angiosperms evolved some tricks, as a high vein density or 
redundancy, in order to control the length of path from veins to sites of evaporation 
(Brodribb, Feild, and Sack 2010). Instead, the distribution of venation characteristics 
among exixting ferns is highly variable, including reticulate venation with marginal vein 
endings or internally directed veins (Boyce 2005) along by tree-like structures. Average 
dv was found to be strongly correlated with loop area for almost all the studied fern 
species, except for P.lingua.  A difference was found between branching and reticulated 
ferns, with weaker relationship for those ones. Thus, a positive effect on the control of the 
hydraulic path in the mesophyll can be argued from the passage to a reticulated type of 
architecture. In particular, D.conjugata (which showed a vein architecture similar to 
angiosperms, with high vein density, at least five orders of visible veins and veinlets high 
occurrence) regression coefficient value was proximal to angiosperm values (see previous 
Chapter). Relationships of dv with loop contour were also significant. This is likely due to 
that fern expansion marginal mechanism nstead of diffuse as in the majority of 
angiosperms species (Boyce 2009) led  to graduated patterns of venation with an 
influence on dv. 
 In complex, the spatial coordination between veins and stomata seem to be rough 
and primitive in ferns. 
Conclusions 
A semi-automatic method based on a geostatical framework was applied to a 
dataset of 8 fern species philogenetically diverse. To quantify the spatial relationship 
between veins and stomata three functional traits were defined and measured: stomata 
density per unit of leaf lamina DL, stomata density per unit of vein contour DC and 
average minimum distance stomata-to-vein dv were defined  
 Species were chosen to have both simple branched vein architecture and complex 
reticulated vein arrangement. To make a comparison possible between the two 
architectures, lamina portions that were included between parallel secondary veins of 
simple branched ferns were assumed to have the same role of areoles in reticulate-
patterned ferns. Portions’ area, vein contour and numer of stomata present within were 
measured. Although vein density for ferns is reported in literature to be in average lower 
than for angiosperms ((Boyce et al. 2009), stomata density for the dataset species was 
found to be comparable to angiosperm literature values (Hetherington and Woodward 
2003)and ranging 30-170 stomata/mm
2
.  
Isometric linear relationships with DC and DL as the coefficients were found both 
for the number of stomata within a lamina portion against lamina area and against vein 
contour for all the species. On the other hand, average distance from vein to stomata dv, 
significative of the path length of water outside veins, where hydraulic resistance is the 
highest of the leaf (Sack and Holbrook 2006), was found to be strongly correlated with 
loop area for almost all the studied species, with the reticulate species having lower slopes 
than the bifurctating ones. Fern variable path length for water in mesophyll was thus 
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identified to likely play a key role in lower transpiration performances of ferns compared 
to angiosperms.  
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Chapter 5 
 
 
 
General discussion and conclusions 
In this dissertation I explored the spatial relationship between vein and stomata in 
plant leaves.  
The first aim of my work was to characterize and measure the integrated spatial 
pattern of vein architecture and stomata in angiosperms leaves, as they are the most 
widespread and successful group of plants on Earth (Brodribb and McAdam 2011a). A 
dataset of 32 diverse species, including two parallelinervia species and a broad-leaved 
gymnosperm (G.biloba) to cover all the typologies of vein architecture, was indagated.   
The secod aim was to extend the same method to ferns, because they are a more 
primitive group of vascular plants, in order to find clues for the different hydraulic 
performances between the two groups of plants in their different leaf spatial arrangement.  
Eight fern species across the fern philogeny, presenting both reticulated and 
simple-branching vein architectures, were used in the study.  
 
An effective part of this work was constituted by the development of a procedure 
for acquiring data both for veins and stomata that could be referred to the same position 
on a leaf.  
This was made possible by combinig classical lab methods (imprint method for 
stomata and chemical staining techniques for veins) with a geostatistical framework.  
By the procedure I developed, three new fisiological traits were identified as 
critical for effectively describing the spatial inter-relationship among stomata and vein 
architecture, and measured. They were: the ratio between number of stomata within a 
loop and loop area, the ratio between the number of stomata within a loop and loop 
contour length and the average minimum distance from stomata to vein walls per loop.  
Aggregate values per sample or per species of these traits were used in 
elaborations.  
 
Since the application of GIS tools to leaves is brand new, I’ll spend some more 
words discussing advantages. They were: 
 objectiveness of measurement criteria, because they were set before 
measurement operation starting. For example the distance from a stoma to 
vein wall was strictly defined as the minimum Euclidean distance from a 
point to the nearest line. 
 Feature editing and checking was always made possible. 
 Depending on sample size and feature density, about ~103 stomata features 
and ~10
2
 loop features were measured in each sample, with effectiveness 
on further analyses robustness. 
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When shifting from angiosperms, for what the method was thought and developed, 
to ferns, some adaptations were needed to compare reticulated vein architectures with 
tree-like ones. The definition of loop was thus adjusted for ferns as “the portion of leaf 
lamina enclosed completely by veins and leaf margins”. Unitary portions of lamina 
resulted univocally determined in both cases. 
 
A general spatial isometricity for the number of stomata within an unitary portion 
of surface or vein contour length was found to be common among ferns, angiosperms and 
G.biloba. In average, the quantity of elementary structures (stomata, contours and lamina) 
could be supposed to be uniformely spread on the leaf surface of vascular plants.  
 
Although stomata density range of ferns (30-170 stomata/mm
2
) fell within the 
extreme values estimated for angiosperms (20-550 mm
2
), angiosperms exhibited a more 
marked uniformity among different position on the same leaf than did ferns. This finding 
was interpretated as a clue of a non-homogeneous water transport in fern fronds.  
 
 The measurement and analysis of the average stomata-to-veins distance dv for 
different groups of species was a major finding of this work.  
The path lenght water has to accomplish from bundle sheaths extensions of minor 
veins to evaporative sites through the spongy mesophyll is critical in transport in leaves 
because here the highest hydraulic resistance is realized (Sack and Holbrook 2006); dv 
was assumed to be representative of the horizontal component of  the path lenght and was 
measured here rigorously for the first time.  
The gymnosperm species and most part of the angiosperm species showed a 
constant or limitated varying value of dv with increasing loop size. A mechanism of new 
veins development when a threshold distance is reached during leaf expansion was 
hypothesyzed for these species. This hypothesys was supported by two observations. The 
first was that blind endings are present only within the bigger loops for all the species; the 
second was that, if blind veinlets are cut, average distances stomata to loops increases 
geometrically with increasing loop area.  The exceptions were Poacea species, whose dv 
was a constant only when transverse veins were excluded from the distance computation, 
and some angiosperm species, for what dv was a constant with loop contour lenght. These 
latter species are likely to be gouverned by a different expansion mechanism, with 
distances between stomata and veins increasing isometrically during leaf growth. Almost 
all fern species showed highly correlation of dv with the size of lamina portions, with a 
difference in values between reticulated and branching patterns (greater significativitiy of 
the relationship for branching ferns), instead. Taken together, these findings can be 
evaluated as a less degree of spatial coordination between stomata and vein patterns of 
ferns in comparaison with angiosperms and gymnosperms, reflecting the minor 
photosynthetic capacity they perform (Brodribb and Feild 2010). 
 
 
Throughout this thesis I have demonstrated that by studying the spatial integrated 
properties of stomata and vein architecture of leaves we can better understand the reasons 
of the extant supremacy of angiosperm among vascular plants. They have evolved the 
highest degree of coordination among structures devoted to water supply and structures 
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adibites to water loss (and carbon unptake), thanks to what they are able to guarantee 
uniformity of water transport conditions to photosynthetic cells and thus a high 
performantly photosynthetic capacity 
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Angiosperms and gymnosperms  
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Acer campestre L. Sapindacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 54  
Stomata per mm loop contour: 9  
Stomata-to-vein mm mean distance: 0,107  
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Acer negundo L. Sapindacee 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 252  
Stomata per mm loop contour: 30  
Stomata-to-vein mm mean distance: 0,072  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Angiosperms and gymnosperms  
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Acer pseudoplatanus L. Sapindacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 197  
Stomata per mm loop contour: 11  
Stomata-to-vein mm mean distance: 0,050  
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Amborella trichopoda Baill. Amborellacee 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 177  
Stomata per mm loop contour: 20  
Stomata-to-vein mm mean distance: 0,068 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Angiosperms and gymnosperms  
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Arbutus unedo L. Ericacee 
 
 
 
 
Stomata per mm
2 
lamina: 155  
Stomata per mm loop contour: 10 
Stomata-to-vein mm mean distance: 0,043 
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Bambusa sp. Poacee 
 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 23  
Stomata per mm loop contour: 2 
Stomata-to-vein mm mean distance: 0,059 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Berberis hookeri L. Berberidacee 
 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 409  
Stomata per mm loop contour: 17 
Stomata-to-vein mm mean distance: 0,046 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Appendix 1 
112 
 
Betula pendula Roth. Betulacee 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 293  
Stomata per mm loop contour: 9 
Stomata-to-vein mm mean distance: 0,021 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
Angiosperms and gymnosperms  
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Buddleja davidii Franch. Scrophulariacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 247  
Stomata per mm loop contour: 11 
Stomata-to-vein mm mean distance: 0,030 
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Carpinus betulus L. Betulacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 184 
Stomata per mm loop contour: 9 
Stomata-to-vein mm mean distance: 0,039 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
Angiosperms and gymnosperms  
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 Castanea sativa Mill. Fagacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 175 
Stomata per mm loop contour: 9 
Stomata-to-vein mm mean distance: 0,034 
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Cercis siliquastrum L. Fabacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 185 
Stomata per mm loop contour: 11 
Stomata-to-vein mm mean distance: 0,041 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
 
117 
 
Coccoloba uvifera L. Polygonacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 347 
Stomata per mm loop contour: 12 
Stomata-to-vein mm mean distance: 0,023 
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Corylus avellana L. Betulacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 133 
Stomata per mm loop contour: 8 
Stomata-to-vein mm mean distance: 0,041 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Crataegus azarolus L. Rosacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 124 
Stomata per mm loop contour: 5 
Stomata-to-vein mm mean distance: 0,026 
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Fagus sylvatica L. Fagacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 175 
Stomata per mm loop contour: 11 
Stomata-to-vein mm mean distance: 0,042 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Fraxinus excelsior L. Oleacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 35 
Stomata per mm loop contour: 5 
Stomata-to-vein mm mean distance: 0,101 
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Fraxinus ornus L. Oleacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 237 
Stomata per mm loop contour: 11 
Stomata-to-vein mm mean distance: 0,039 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Ginkgo biloba L. Ginkgoacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 23 
Stomata per mm loop contour: 16 
Stomata-to-vein mm mean distance: 0,37 
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Hedera helix L. Araliacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 203 
Stomata per mm loop contour: 21 
Stomata-to-vein mm mean distance: 0,06 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Laurus nobilis L. Lauracee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 409 
Stomata per mm loop contour: 27 
Stomata-to-vein mm mean distance: 0,044 
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Olea europea L.  Oleacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 63 
Stomata per mm loop contour: 7 
Stomata-to-vein mm mean distance: 0,071 
 
 
 
 
                                                                                                                                                        
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                      
  
 
Angiosperms and gymnosperms  
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Quercus cerris L. Fagacee 
 
 
 
 
 
Stomata per mm
2 
lamina: 575 
Stomata per mm loop contour: 25 
Stomata-to-vein mm mean distance: 0,029 
:  
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Quercus robur L. Fagacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 346 
Stomata per mm loop contour: 15 
Stomata-to-vein mm mean distance: 0,032 
:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Quercus rubra L. Fagacee 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 392 
Stomata per mm loop contour: 20 
Stomata-to-vein mm mean distance: 0,033 
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Ruscus aculeatus L. Asparagacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 46 
Stomata per mm loop contour: 5 
Stomata-to-vein mm mean distance: 0,080 
:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Salix apennina A. K. Skvortsov Salicacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 259  
Stomata per mm loop contour: 9 
Stomata-to-vein mm mean distance: 0,019 
:  
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Sambucus nigra L. Adoxacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 84 
Stomata per mm loop contour: 6 
Stomata-to-vein mm mean distance: 0,045 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Smilax aspera L. Smilacacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 23 
Stomata per mm loop contour: 4 
Stomata-to-vein mm mean distance: 0,106 
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Sorghum halepense L. Poacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 36 
Stomata per mm loop contour: 2 
Stomata-to-vein mm mean distance: 0,057 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Tamus communis L. Dioscoreacee 
 
 
Stomata per mm
2 
lamina: 91 
Stomata per mm loop contour: 10 
Stomata-to-vein mm mean distance: 0,068 
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Tilia cordata Mill. Malvacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 128 
Stomata per mm loop contour: 9 
Stomata-to-vein mm mean distance: 0,056 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Angiosperms and gymnosperms  
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Ulmus glabra Huds. Ulmacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 399 
Stomata per mm loop contour: 15 
Stomata-to-vein mm mean distance: 0,023 
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Ferns 
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Blechnum nudum (Labill.) Mett. Blechnacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 84 
Stomata per mm loop contour: 14 
Stomata-to-vein mm mean distance: 0,095 
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Dicksonia Antarctica Labill. Dicksoniacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 190 
Stomata per mm loop contour: 47 
Stomata-to-vein mm mean distance: 0,149 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Ferns 
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Dipteris conjugata Dipteridacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 162 
Stomata per mm loop contour: 13 
Stomata-to-vein mm mean distance: 0,054 
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Marsilea hirsuta Marsiliacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 32 - 39 
Stomata per mm loop contour: 3 - 4 
Stomata-to-vein mm mean distance: 0,063 - 0,068 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Ferns 
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Microsorum pustulatum Copel. Polypodiacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 61 
Stomata per mm loop contour: 31 
Stomata-to-vein mm mean distance: 0,068 
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Pteris cretica L. Pteridacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 49 
Stomata per mm loop contour: 14 
Stomata-to-vein mm mean distance: 0,194 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Ferns 
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Pyrrosia lingua Polypodiacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 74 
Stomata per mm loop contour: 29 
Stomata-to-vein mm mean distance: 0,241 
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Todea Barbara T. Moore Osmundacee 
 
 
 
 
 
 
 
 
 
Stomata per mm
2 
lamina: 54 
Stomata per mm loop contour: 20 
Stomata-to-vein mm mean distance: 0,176 
 
 
